Millennial fire history reconstruction in the boreal forest of south-central Canada using lake-sediment charcoal, tree-ring and archival records by Waito, Justin M.
 
 
 
 
 
 
Millennial fire history reconstruction in the boreal forest of south-central Canada 
using lake-sediment charcoal, tree-ring and archival records 
 
 
 
 
By  
 
Justin M. Waito 
 
 
 
 
 
 
 
A thesis submitted to the Faculty of Graduate Studies of the University of Winnipeg 
in partial fulfillment of the Master of Science degree. 
 
 
 
Department of Biology 
Master of Science in Biology, Technology and Public Policy Program 
The University of Winnipeg 
Winnipeg, Manitoba, Canada 
October 2016 
 
© 2016 Justin Waito 
 
 
  
 ii 
 
Abstract 
 The Canadian boreal forest has been developing since the end of the last glaciation 
approximately 10,000 years ago. During this time, fire has modified the development of 
the forest by altering species distribution, stand structure and forest regeneration. With 
future climate changes, the fire frequency and annual area burned (AAB) are expected to 
increase with increasing temperatures. It remains unclear what effect this increase in fire 
frequency will have on the forest. Current projections of future fire are often based on 
relatively short environmental records and longer records are needed to capture 
variability in fire occurrence over millennia. In this study, a multi-millennial fire history 
was reconstructed for eight lakes from the Lake of the Woods Ecoregion (LWE) within 
the boreal forest of central North America using a combination of archival, tree-ring and 
lake sediment charcoal records.  
 
 The archival record provided fire dates and area burned information for the period 
1920 to 2010. A tree-ring fire history reconstruction was developed around eight lakes for 
the period 1690-2010 from stand initiation dates and fire scars. The fire history 
reconstruction was extended through lake sediment charcoal records obtained from 
overlapping sediment cores collected from eight lakes. For each lake, the sediment fire 
history reconstruction was obtained from macroscopic charcoal particles with an area 
>150 micrometers. Calculation of the Charcoal Accumulation Rate (CHAR) and 
subsequent peak analysis of the CHAR record allowed for the examination of changes in 
fire regime dating back to 2500 BP (500 BCE).  
 
 iii 
 
 The archival and tree-ring records revealed recent large fires (>200 ha) in 1948, 
1980 and 1989. An additional 17 fires were identified by the fire-scar record. Fire events 
in 1805, 1840, 1863, and the 1890’s were identified in numerous locations around 
multiple lakes suggesting that they were of large extents. In accordance with the tree-ring 
record, the CHAR peak record generally identified the major fires, with identification 
becoming less accurate for smaller fires and those in close succession. The CHAR record 
also tended to lag behind fires identified from tree-ring records by several decades. 
Within the LWE, the long-term charcoal record revealed that CHAR was higher for each 
lake in the earlier portion of the record followed by a progressive decrease towards the 
more recent record. Multi-millennial fluctuations in CHAR suggested that modern 
temperature increases could lead to higher fire frequency than that observed over the last 
two millennia.  
 iv 
 
Acknowledgments  
 This project has involved the efforts of many people and would not have been 
possible without them. A special acknowledgment goes out to Jacques Tardif for his 
support through all aspects of the project and guidance through the preparation of the 
manuscript. Special recognition also goes out to France Conciatori for countless hours of 
guidance and assistance with the preparation and analysis of samples in the laboratory. I 
would also like to thank Martin Girardin, Danny Blair and Adam Ali for participating as 
committee members and for providing valuable input throughout the project.  
 
 For this project, there was a considerable amount of field and laboratory work 
involved and I would like to thank Adam Ali, Benoit Brandelet, Laurent Bremond, 
Benoit Brossier, Cody Clovenchok, France Conciatori, Karine Grotte, Johanna Hallmann, 
Kayla-Mae Hlushenko, Aurore Lucas, Renald Julien, Brian Moons, Nia Perron, Johanna 
Robson, Jacques Tardif, and Zabrina Yaremko for all of their assistance.  
 
 I would like to thank the Schaeffer family at Cygnet Lake Camp in northwestern 
Ontario for providing us with lodging, logistical support and hospitality during our 
fieldwork in the area. My thanks also go out to the staff at Manitoba Conservation, 
Ontario Ministry of Natural Resources and Manitoba Hydro for providing support and 
assistance.  
 
 I would also like to thank France Oris, Mycore Scientific and Beta Analytics for 
providing assistance with the isotope dating methods, Brad Russell for providing 
 v 
 
mapping support, Philip Higuera for assistance with MCAgeDepth software, and Olivier 
Blarquez for his assistance with the paleofire R package.  
 
 Funding for this project was generously provided by Manitoba Hydro Forest 
Enhancement Program, Natural Sciences and Engineering Research Council of Canada 
(NSERC), the University of Winnipeg, GDRI Forêts Froides (CNRS, INEE), and the 
Canadian Forest Service research funds.  
 
 To my family and friends, I thank you for your patience and support over the 
years.  
 vi 
 
Table of Contents 
Abstract ...................................................................................................................................... ii 
Acknowledgements .................................................................................................................... iv 
Table of Contents ....................................................................................................................... vi 
List of Figures ......................................................................................................................... viii 
List of Tables ............................................................................................................................. ix 
List of Appendices ...................................................................................................................... x 
1.0 General Introduction ............................................................................................................. 1 
1.1 Boreal forest dynamics ............................................................................................. 1 
1.2 Disturbances in the North American boreal forest ................................................... 3 
1.3 Methodological background ..................................................................................... 7 
1.3.1 Archival records of fire in the boreal forest ............................................ 7 
1.3.2 Dendroecological records ....................................................................... 8 
1.3.3 Lake sediment records .......................................................................... 11 
1.4 Boreal forest development during the Holocene .................................................... 18 
1.4.1 Vegetation trends .................................................................................. 18 
1.4.2 Fire during the Holocene ...................................................................... 20 
1.4.3 Human influences ................................................................................. 23 
1.5 Thesis rationale and objective ................................................................................. 25 
 
2.0 Multi-proxy fire history fire history reconstruction in the boreal forest of  
South-Central Canada ......................................................................................................... 27 
2.1 Introduction ............................................................................................................. 28 
2.1.1 Fire in the boreal forest ......................................................................... 28 
2.1.2 Fire history records ............................................................................... 29 
2.1.2.1 Archival records ........................................................................ 29 
2.1.2.2 Tree-ring records ....................................................................... 30 
2.1.2.3 Lake sediment records .............................................................. 31 
2.1.3 Post-glacial boreal forest development of central North America........ 32 
2.1.4 The need for multi-proxy comparisons ................................................. 36 
2.1.5 Objectives and Hypotheses ................................................................... 37 
2.2 Materials and Methods ............................................................................................ 39 
2.2.1 Study area.............................................................................................. 39 
2.2.2 History of human activities ................................................................... 42 
2.2.3 Lake sediment field and laboratory work ............................................. 44 
2.2.3.1 Lake selection and sediment extraction .................................... 44 
 vii 
 
2.2.3.2 Sediment dating (210Pb and 14C) and age-depth model ............. 48 
2.2.3.3 Charcoal particle extraction, measurement and morphology ... 52 
2.2.3.4 Merging sediment cores and general procedure for 
converting raw charcoal data to charcoal accumulation rate 
(CHAR) ..................................................................................... 57 
2.2.3.5 Analysis of CHAR and identification of fires through peak  
analysis ...................................................................................... 61 
2.2.4 Tree-ring records: field sampling and laboratory work  ....................... 64 
2.2.4.1 Collection of tree-ring records .................................................. 64 
2.2.4.2 Sample preparation and data collection .................................... 68 
2.2.4.3 Data analysis ............................................................................. 70 
2.2.5 Comparing tree-ring and lake sediment fire history ............................. 72 
2.2.6 Long-term fire history reconstruction from lake sediment charcoal .... 73 
2.3 Results ..................................................................................................................... 75 
2.3.1 Dating and chronological settings ......................................................... 75 
2.3.2 Recent fire history of the central Lake of the Woods Ecoregion .......... 79 
2.3.2.1 Archival record ......................................................................... 79 
2.3.2.2 Tree-ring record ........................................................................ 82 
2.3.3 Tree-ring and CHAR fire history across the LWE ............................... 86 
2.3.4 Multi-millennial fire history reconstruction from CHAR ..................... 91 
2.3.5 Charcoal morphology.......................................................................... 100     
2.4 Discussion ............................................................................................................. 103 
2.4.1 Lake of the Woods modern fire history (1670-2010) ......................... 103 
2.4.1.1 Tree-ring and archival records. ............................................... 103 
2.4.1.2 Tree-ring fire records .............................................................. 104 
2.4.1.3 Charcoal records and the modern fire history  
reconstruction .......................................................................... 108 
2.4.1.4 Discrepancy among fire history records ................................. 110 
2.4.1.5 Modern fire history, human activities, and climatic  
conditions ................................................................................ 114 
2.4.2 Millennial Lake of the Woods fire history .......................................... 117 
2.4.2.1 Long-term CHAR record ........................................................ 117 
2.4.2.2 CHAR record in relation to the Medieval Climate Anomaly  
and Little Ice Age.................................................................... 120 
2.4.2.3 Millennial fire history in relation to human history ................ 122 
2.4.3 Conclusion .......................................................................................... 123 
3.0 Bibliography ..................................................................................................................... 128 
4.0 Appendices ........................................................................................................................ 147  
 viii 
 
List of Figures 
Figure 1: Map of the study area. The inset figure represents the limits of the Boreal 
Shield Ecozone (grey shaded area) and the Lake of the Woods Ecoregion (LWE; black 
line) ........................................................................................................................................... 40 
 
Figure 2: General procedure for the tree-ring and lake sediment sampling and  
methodology ............................................................................................................................. 47 
Figure 3: The procedure for converting raw charcoal measurements to CHAR ..................... 60 
Figure 4: Age-depth model for each of the eight studied lakes ............................................... 76 
Figure 5: The historical record of fires that occurred since 1920 in the study area. The 
Ontario record only contains fires >200 ha in size, whereas the Manitoba record 
contains all recorded fires regardless of size ............................................................................ 80 
Figure 6: Composite stand initiation (A), fire scar frequency (B), standardized jack 
pine ring-width chronology (C), Canadian Drought Code (CDC) for the Boreal Plains 
(Girardin et al. 2006c) record (D), reconstructed Area Burned for the boreal forest of 
North America (Girardin 2007) record (E) and composite CHAR for the study region 
(E) ............................................................................................................................................. 83 
Figure 7: Individual lake fire record with tree-ring (top) and CHAR (bottom) data 
indicated for their overlap period .............................................................................................. 88 
Figure 8: Composite CHAR record for eight lakes (A) and for North America (B) 
from Marlon et al. (2013). ........................................................................................................ 92 
Figure 9: The millennial CHAR record for eight lakes. .......................................................... 94 
Figure 10: Fire series (black circles), fire frequency (line), and distribution of fire free 
intervals (box plot) for eight lakes ............................................................................................ 98 
Figure 11: The relative proportion of the contribution of wood and grass charcoal 
types to the charcoal record. ................................................................................................... 101  
 ix 
 
List of Tables 
Table 1: The location and physical characteristics of the eight lakes and the general 
condition of the surrounding landscape .................................................................................... 46 
 
Table 2: Radiocarbon (
14
C) summary table for AMS dating ................................................... 50 
Table 3: Multinomial logistic model results for determining the wood and grass 
morphotype component of the charcoal record ........................................................................ 58 
Table 4: Some characteristics of the tree-ring data collected for each lake ............................. 66 
 
Table 5: Archival and associated tree-ring fire records for the eight lakes ............................. 81 
Table 6: Tree-ring width index results for years that did not contain a fire record 
(Non-fire) and those that did (Fire) based on the fire dates obtained from fire scars 
(Table 5). ................................................................................................................................... 87 
Table 7: Median fire free interval (mFFI) and fire free interval distribution (FFId) for 
the eight lakes ........................................................................................................................... 95 
Table 8: Two sample Mann Whitney U test comparisons of median fire free intervals 
(mFFI) and fire-free interval distributions (FFId) for Lake M14, M15, M16, M34, O4, 
O6, O14, and O15 using the data from Table 7 ........................................................................ 99  
 x 
 
List of Appendices 
Appendix I: The sample locations for every lake for the entire study area within the 
Lake of the Woods Ecoregion................................................................................................. 147 
Appendix II: Lake O6 shoreline subdivided into six 1 km sectors ....................................... 148 
Appendix III: Lake O14 shoreline subdivided into six 1 km sectors .................................... 149 
Appendix IV: Lake O15 shoreline subdivided into six 1 km sectors .................................... 150 
Appendix V: Lake O4 shoreline subdivided into six 1 km sectors ....................................... 151 
Appendix VI: Lake M34 shoreline subdivided into six 1 km sectors ................................... 152 
Appendix VII: Lake M16 shoreline subdivided into six 1 km sectors .................................. 153 
Appendix VIII: Lake M14 shoreline subdivided into six 1 km sectors ................................ 154 
Appendix IX: Lake M15 shoreline subdivided into six 1 km sectors ................................... 155 
Appendix X: Theoretical sampling procedure for extracting successive sediment cores 
from the lake bottom ............................................................................................................... 156 
Appendix XI: The log-frequency of charcoal size classes for each lake............................... 157 
Appendix XII: Robust S-regression comparing charcoal area and count for eight lakes ..... 158 
Appendix XIII: Adjusted overlap depth between the KB and Livingstone cores from 
eight lakes ............................................................................................................................... 159 
Appendix XIV: Lead 210 activity in recent sediments from eight lakes .............................. 160 
Appendix XV: The historical record of fires that occurred since 1920 in the study area ..... 162 
Appendix XVI: Individual lake fire record with tree-ring (top) and CHAR (bottom) 
data indicated for their overlap period .................................................................................... 163 
 1 
 
1.0 General Introduction 
1.1 Boreal forest dynamics 
  The boreal forest is a globally important biome that covers approximately 11 
percent of the Earth’s land surface (Bonan and Shugart 1989; Bourgeau-Chavez et al. 
2000). The distribution of the boreal forest is predominantly in Eurasia and North 
America, containing approximately 65 and 35 percent of the forest, respectively (Chen 
and Popadiouk 2002; Brassard and Chen 2006; de Groot et al. 2013). Covering 
approximately 500 million hectares, the boreal forest of North America is an important 
component of global biogeochemical and atmospheric cycles (Bonan and Shugart 1989; 
Brassard and Chen 2006). Moreover, the heterogeneous stand structure and age 
distribution within the boreal forest is an important component for wildlife habitat and for 
maintaining biodiversity (Rowe and Scotter 1973; Van Wagner 1978; Brassard and Chen 
2006).  
 
  The current distribution of boreal forest tree species is the result of a series of 
changes to the physical system that began with the onset of the Holocene, corresponding 
to the end of the most recent glaciation approximately 10,000 years ago (Harrington 1987; 
Stocks and Ward 2011). Over time, the dominant tree species in the boreal forest have 
come to include jack pine (Pinus banksiana Lamb.), black spruce (Picea mariana (Mill) 
B.S.P.), white spruce (Picea glauca (Moench) Voss), northern white-cedar (Thuja 
occidentalis L.), trembling aspen (Populus tremuloides Michx.), paper birch (Betula 
papyrifera Marsh.), balsam fir (Abies balsamea (L.) Mill), eastern larch (Larix laricina 
(Du Roi) K.Koch), and balsam poplar (Populus balsamifera Michx.). Throughout the 
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Holocene, fire and climate have been important factors contributing to the distribution of 
species and to the structure of the forest. For example, fires between 1959 and 1997 
burned an average of two million hectares of North American boreal forest every year 
(Stocks et al. 2003). Brassard et al. (2008) indicated that this occurrence of fire was 
important for the stand structural diversity and for tree species distribution. In turn, Bessie 
and Johnson (1995) revealed that stand structural diversity and composition were 
important contributors to fire ignition and spread. However, the limitations to burning 
imposed by vegetation structure and composition can be overcome by large-scale climate 
conditions (Bessie and Johnson 1995; Flannigan et al. 2009).   
 
  In North America, climate has an influence on the distribution of the boreal forest 
through control of temperature and moisture conditions. Temperature limitations are 
largely responsible for the northern limit of the boreal forest as well as the latitudinal 
species gradient (Bonan and Shugart 1989). For example, Asselin and Payette (2006) 
indicated that black spruce establishment and growth in the forest-tundra was limited by 
climatic conditions and that increased temperatures associated with climate change were 
expected to improve growing conditions. In contrast, annual moisture conditions limit the 
southern distribution of the boreal forest (Larsen 1980; Bonan and Shugart 1989; Brassard 
and Chen 2006). For example, Hogg (1994) reported that the southern boundary between 
the boreal forest and prairies was maintained by low precipitation and that the associated 
high fire frequency limited the establishment of tree species. Similarly, in the eastern 
boreal forest, Gauthier et al. (2000) indicated that increased precipitation and 
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corresponding decrease in fire frequency at the southern limit of the boreal forest 
contributed to a forest transition to hardwood species. 
 
  In North America a west to east moisture gradient is also observed on the leeward 
(downwind) side of the Rocky Mountains. The gradient is established through moisture 
discharge onto the Rocky Mountains (orographic precipitation) as prevailing winds push 
moisture bearing systems eastward, which leads to decreased moisture availability for the 
western and central boreal forest (Bonan and Shugart 1989). This moisture gradient also 
contributes to a west to east species gradient observed within the boreal forest (Larsen 
1980; Bonan and Shugart 1989; Brassard and Chen 2006). In addition, atmospheric 
pressure systems can further affect moisture conditions through the establishment of 
pressure ridging and troughing that can alter the path of moisture bearing weather systems 
(Larsen 1980; Skinner et al. 1999; Flannigan and Wotton 2001; Skinner et al. 2002; 
Fauria and Johnson 2006; Whitlock et al. 2010). Although the boundaries and species 
gradient of the boreal forest are largely determined by climate, the characteristic 
heterogeneous stand structure and distribution of age classes are the result of periodic 
disturbance events, such as fire (Rowe and Scotter 1973; Van Wagner 1978; Bonan and 
Shugart 1989; Bergeron and Dubuc 1989; Larsen 1980; Engelmark et al. 1993; Linder et 
al. 1997; Weber and Stocks 1998; Greene et al. 1999; Bergeron 2000; De Grandpré et al. 
2000; Chen and Popadiouk 2002; Gauthier et al. 2009).  
 
 1.2 Disturbances in the North American boreal forest  
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Within the boreal forest, natural disturbances are important for initiating 
regeneration as well as for maintaining the heterogeneous distribution of species and 
stand structure throughout North America (Rowe and Scotter 1973; Van Wagner 1978; 
Larsen 1980; Bonan and Shugart 1989; Brassard and Chen 2006). The predominant 
sources of natural disturbance in the boreal forest are severe weather, insect outbreaks 
and fire events (Bonan and Shugart 1989; Engelmark et al. 1993; De Grandpré et al. 
2000; Brassard and Chen 2006; Vaillancourt et al. 2009). Although severe weather events 
and insect outbreaks can cause damage to a large area of forest, they also leave the 
majority of the biomass on the landscape and its accumulation can lead to increased risk 
of fire (Stocks 1987; Vaillancourt et al. 2009). Among these disturbances, fire has the 
potential to affect the largest changes and has been an important disturbance shaping the 
boreal forest since the end of the last glaciation (Bonan and Shugart 1989; Larsen 1980; 
Engelmark et al. 1993; Stocks et al. 2003; Whitlock et al. 2010; Stocks and Ward 2011). 
 
As a physical process, fire is the result of a chemical reaction leading to 
combustion of organic material (Johnson 1992; Michaletz and Johnson 2007). 
Combustion is a two-fold process whereby endothermic reactions first break down 
complex molecules which are then further broken down by exothermic oxidation of 
endothermic products (Johnson 1992; Michaletz and Johnson 2007). The endothermic 
reaction begins with the addition of heat that breaks complex molecules apart and dries 
fuels. The smaller molecules facilitate the onset of the exothermic oxidation reaction 
which leads to the flaming phase of combustion followed by a smoldering phase 
associated with the decreasing rate of oxidation (Michaletz and Johnson 2007). Although 
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the process is the same for each fire event, the variability in extent and severity results in 
a heterogeneous fire imprint across the landscape.  
 
 Fire occurrence in the boreal forest is described through the fire regime concept 
that encompasses the type of fire (ground, surface, crown) and its spatial (size, severity, 
intensity) and temporal (frequency, seasonality) characteristics (Bonan and Shugart 1989; 
Weber and Flannigan 1997; Stocks et al. 2003; Vaillancourt et al. 2009; Bowman et al. 
2013). On the long-term, this spatiotemporal variability is an important characteristic 
contributing to the heterogeneous age and stand structure of the boreal forest. For 
example, Bergeron and Dubuc (1989) reported that even-aged stands of early succession 
species (pine, aspen) were maintained by stand replacing fires every 200 years or less on 
average. In contrast, persistence of late successional species (white spruce, balsam fir, 
northern white-cedar) and mixed-age stands resulted from infrequent fire events every 
300 years or more on average. Similarly, Johnson et al. (1998) reported that the mosaic of 
even-aged patches in the western boreal forest was maintained by fire events that 
returned every 200 years on average, with virtually no forest going unburned for longer 
than 400 years.  
 
 In the boreal forest, fire events and local landscape conditions contribute to stand 
heterogeneity on a small scale (Cyr et al. 2007). For example, upon ignition of fire, the 
size and direction of burn is influenced by local landscape characteristics such as slope 
and fire barriers (Heinselman 1973; Rowe and Scotter 1973; Bonan and Shugart 1989; 
Turner and Romme 1994; Larsen 1997; Cyr et al. 2007). Homogenization of stand and 
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age structure is attributable to the widespread occurrence of large fires with high annual 
area burned (AAB) related to broad-scale climatic patterns (Flannigan and Wotton 2001). 
Johnson and Wowchuck (1993) reported that in the western boreal forest of North 
America hundreds of thousands of hectares could be affected by fire in years with 
persistent atmospheric blocking ridges. Further, Kasischke and Turetsky (2006) indicated 
that fires in the western boreal forest were larger and occurred more frequently compared 
to the eastern boreal forest. Asselin et al. (2001) also indicated that in the eastern boreal 
forest large fires had a homogenizing effect on the landscape, although regeneration and 
final stand structure were strongly related to seed source availability. 
 
The heterogeneity of the boreal forest is also influenced by the temporal 
distribution of fire and fire conditions (Weber and Stocks 1998; Stocks et al. 2003; 
Shabbar and Skinner 2004: Flannigan et al. 2005). In North America, the conditions 
necessary for the ignition and spread of fire generally occur between April and 
September (Weber and Stocks 1998; Stocks et al. 2003: Kasischke and Turetsky 2006; 
Fauria and Johnson 2008). However, on an annual basis temporal heterogeneity is also 
partially related to the cumulative effect of climatic influences that leads to more frequent 
fire in the west and central boreal forest and less frequent fire in the east (Fauria and 
Johnson 2008). Beverly and Martell (2005) reported that prolonged dry periods 
associated with atmospheric conditions contributed to fire severity in the central boreal 
forest with fire occurring once every decade in the western portion of the study area and 
once every century in the eastern portion. Following a fire event, the length of time 
before another fire can burn (fire interval) is dependent on the rate of fuel buildup 
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combined with weather conditions that promote ignition (Bessie and Johnson 1995; Héon 
et al. 2014). 
 
 1.3 Methodological background  
 1.3.1 Archival records of fire in the boreal forest 
 Archival records can provide information on past fires through a direct record of 
events or conditions (written and instrumental accounts of climate and fire data) or 
through interpretation of forest structure (aerial photographs/remote sensing). Fire history 
reconstructions’ utilization of archival records, such as continuous temperature, 
precipitation and fire event data, can help to establish patterns of past fire occurrence 
(Grissino-Mayer and Swetnam 2000; Whitlock et al. 2010). Written records provide the 
longest account of weather and fire data but the resolution is dependent on whether an 
area was settled, events were recorded and that records survived to the present day. In 
North America, the earliest written records of weather and fire events are sporadic and 
often associated with established fur trade posts (Alexander 1981; Fritz et al. 1993; 
Weber and Stocks 1998; Zhang et al. 2000; Rannie 2001; Zhang et al. 2001; Stocks et al. 
2003; Rannie 2006). However, records became more spatially dispersed and continuous 
with the advent of systematic record collection by national institutions (Van Wagner 
1988; Stocks et al. 2003).  
 
 In North America additional instrumental records, such as those obtained from 
weather stations, can span multiple centuries and provide important information on past 
forest conditions (Weber and Stocks 1998; Zhang et al. 2000; Zhang et al. 2001). More 
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recent fire record composites, such as the Large Fire Database (Stocks et al. 2003; 
Kasischke and Turetsky 2006), those linked to outputs from General Circulation Models 
(de Groot et al. 2013; Flannigan et al. 2013) and fire analyses based on ecological 
classifications (Beverly and Martell 2005; Boulanger et al. 2012) are largely constructed 
from records beginning in the 1970’s (Weber and Stocks 1998; Stocks et al. 2003; Fauria 
and Johnson 2006). Although these records are important for placing  boreal forest-fires 
in an historical context, the relatively short duration of these records compared to the 
history of boreal forest development requires analysis of proxy records that can be used 
to obtain longer records of past fire occurrence.  
 
 1.3.2 Dendroecological records 
 Dendroecology is the science related to the interpretation of the environmental 
record stored in tree rings (Fritts 1976; Schweingruber 1988; Speer 2010). Throughout 
the lifespan of a tree, changes to environmental conditions can result in ring-width 
variations and anomalous growth features that can be accurately dated (Fritts 1976; 
Schweingruber 1988; Larsen and MacDonald 1995; Girardin and Tardif 2005; Speer 
2010; Waito et al. 2013). Through comparison between the tree-ring and archival 
records, the determination of the causes of ring-width variations and anomalous growth 
features can allow inferences to be made regarding past forest conditions whenever these 
growth characteristics are observed (Larsen 1996; Grissino-Mayer and Swetnam 2000). 
The tree-rings’ record of environmental conditions, combined with the slow 
decomposition of the wood from several boreal tree-species results in the potential for a 
long record of fire conditions and events to be retained in the form of stand regeneration, 
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growth suppression/release and fire scarring (Arno and Sneck 1977; McBride 1983; 
Dansereau and Bergeron 1993; Tardif 2004; Brassard and Chen 2006).  
 
 Stand initiation in the boreal forest is typically related to stand-replacing crown 
fires and can be used as an indicator of past fire events because a number of boreal 
species have specific adaptations to facilitate post-fire regeneration (Johnson 1992; 
Johnson and Gutsell 1994; Whitlock and Bartlein 2003; Whitlock et al. 2010; Bowman et 
al. 2013). Jack pine and black spruce have serotinous and semi-serotinous cones, 
respectively, that enable rapid seeding of fire-exposed soil. A post-fire regeneration 
method characteristic of paper birch and trembling aspen is an ability to regrow from the 
stump or root system, respectively (Rowe and Scotter 1973; Tardif 2004). Although the 
regeneration of the forest generally occurs rapidly following a fire event, differential rates 
of recruitment may lead to an underestimation of the age of the fire cohort and thus of the 
fire date itself (Johnson and Gutsell 1994; Senici et al. 2010). The possibility of obtaining 
information from fire cohorts is also diminished as successive fire events remove older 
cohorts from the landscape (Johnson and Gutsell 1994) and in situations where forests 
transition from pioneer succession (Bergeron and Charron 1994). 
 
 The tree-ring record also provides information on environmental conditions 
through growth fluctuations. The changes in growth are generally related to temperature 
and precipitation signals and are observed as increased or decreased annual ring-width 
(Larsen and MacDonald 1995; Girardin and Tardif 2005). This variation in tree-ring 
width can become an indicator of fire conditions in situations where tree growth is 
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suppressed, as growth suppression is often related to drought conditions (St. George et al. 
2008). However, given the spatial heterogeneity of drought conditions, fire 
reconstructions from ring widths are commonly used to infer broad trends in AAB, rather 
than individual fire events (Girardin and Tardif 2005; Girardin 2007; Girardin and 
Sauchyn 2008; Knapp and Soulé 2011).   
 
One of the most common fire records used in fire history reconstructions from 
trees is fire scars (Arno and Sneck 1977; Swetnam 1993; Johnson and Gutsell 1994; 
Whitlock and Bartlein 2003; Whitlock et al. 2004; Whitlock et al. 2010). Fire scar 
formation occurs in situations where the tree is exposed to temperatures above 60°C in 
the presence of wind conditions favourable to their formation (McBride 1983; Gutsell 
and Johnson 1996; Falk et al. 2011). Surviving the fire event and continued tree growth 
can be used to determine the year and season of burn. Fire scars are typical of low 
severity surface fires or along the lower severity edges of high severity crown fires (Arno 
and Sneck 1977; Falk et al. 2011).  
 
In the forest, fire scars often appear as a triangular shape with the stem missing 
the bark. The triangular shape is the result of decreasing stem damage as temperature 
decreases further away from the ground (Gutsell and Johnson 1996). The scar often 
occurs on the leeward side of the stem where airflow conditions sustain the high 
temperatures long enough to kill tissues (Gutsell and Johnson 1996). Fire scars can also 
be concealed within trees and are observed internally as damaged tissue from the time of 
fire, associated with abnormally large growth rings covering the wound (McBride 1983). 
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Fire-scar formation exhibits age and species trends as fire scars tend to appear on older, 
fire tolerant species with younger trees, or species not well adapted to surviving fire, 
often not containing fire scars as the fire causes mortality (McBride 1983).  
 
The regeneration, growth and scarring traits of trees, combined with the 
persistence of successive cohorts within the forest, allows for the determination of the 
spatiotemporal trends in fire occurrence (Heinselman 1973; Swain 1973; Clark 1990; 
Johnson and Gutsell 1994; Weir et al. 2000; Falk et al. 2011). For example, frequency of 
fire can be determined from cohort regeneration in situations where successive cohorts 
are established following fire events (Johnson 1992; Johnson and Gutsell 1994; Whitlock 
and Bartlein 2003; Whitlock et al. 2010; Bowman et al. 2013). Similarly, a widespread 
drought signal within the tree-rings can be used to infer fire conditions over a large area 
(Larsen and MacDonald 1995; Girardin and Tardif 2005; Girardin 2007; Girardin and 
Sauchyn 2008). Further, comparison of samples with fire scars of the same year provides 
spatial context of individual fires whereas comparison of multiple fire scar years provides 
the frequency of fire in a given area (Arno and Sneck 1977; Clark 1990; Swetnam 1993; 
Falk et al. 2011).  
 
 1.3.3 Lake sediment records 
 In addition to tree-rings, paleoecological investigations have used a number of 
environmental proxy records including ice cores, soils, sand dunes, peat and lake 
sediments (Carcaillet et al. 2001a; Laird et al. 2003; Carcaillet et al. 2006; Ali et al. 
2008; Fauria and Johnson 2008). The lake sediment record is particularly suited to fire 
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history reconstructions and can extend the record beyond that provided by archival and 
tree-ring records (Whitlock and Larsen 2001). Proxy records from lake sediments 
commonly used in fire history reconstructions include charcoal particles, pollen and plant 
macroremains (Long et al. 2007, Ali et al. 2008). The charcoal record, in particular, can 
be utilized to infer fire events and changes in fire frequency over time (MacDonald et al. 
1991a; Larsen 1980; Larsen and MacDonald 1998ab; Pitkanen et al. 1999; Carcaillet et 
al. 2001a; Asselin and Payette 2005; Marlon et al. 2006; Long et al. 2007).  
 
 The analysis of charcoal records is facilitated by the incomplete combustion of 
organic matter at temperatures between 250-500°C (Chandler et al. 1983). Upon 
production, charcoal particle transportation to the lake can be classified as of primary or 
secondary origin (Patterson III et al. 1987; Clark 1988ab; Clark 1990; Nichols et al. 
2000; Higuera et al. 2007). Primary charcoal transport refers to the movement of particles 
during, or immediately after, a fire event. Secondary charcoal transport refers to the 
continued transport of charcoal following a fire event that can occur for many years 
through slope-wash or redeposition within the lake (Bradbury 1996; Whitlock and Larsen 
2001). Whitlock and Millspaugh (1996) determined that secondary transport of charcoal 
occurred for up to 20 years following a fire event, potentially obscuring the actual fire 
date during peak analysis. Larsen and MacDonald (1993) reported that, once in the lake, 
charcoal could continue to be resuspended through such mechanisms as wave action and 
sediment slumping. However, Bradbury (1996) indicated that charcoal resuspension 
within a lake only continued until the charcoal particles settled below the portion of the 
lake profile that experiences thermal inversions (thermocline).  
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 The deposition of macroscopic charcoal into lake sediments can be particularly 
useful in reconstructing past fire conditions. Macroscopic charcoal particles are classified 
as those with a diameter >150 micrometers (µm) based on empirical evidence that 
charcoal particles above this size class represent local fires occurring within the 
watershed while excluding records of fires that occurred tens to hundreds of kilometers 
(km) away (Whitlock and Millspaugh 1996; Whitlock and Larsen 2001; Higuera et al. 
2007). Although 150 µm is the accepted standard, Millspaugh and Whitlock (1995) 
indicated that analysis of charcoal particles between 125 and 250 µm provided a good 
record of fires occurring in the watershed. Enumeration of smaller particles (<125 µm) 
was deemed impractical and larger particles (>250 µm) were assessed as being too 
infrequent (Millspaugh and Whitlock 1995). Gardner and Whitlock (2001) also 
confirmed that particles >125 µm represented local fires, but that lake characteristics and 
position in relation to wind direction determined the distance to which an event could be 
recorded. Lynch et al. (2004a) reported that aerial charcoal transport was particularly 
high within 10 m of the burn edge with transport progressively decreasing between 10-
200 m, thus indicating that fires in closer proximity to the lake are better recorded than 
those >200 m from shore.   
 
 In addition to charcoal size, an understanding of charcoal transport and deposition 
can be enhanced through an analysis of charcoal morphotypes. Different charcoal 
morphotypes are present within lake sediment as a result of the different types of 
vegetation being burned during a fire event. Enache and Cumming (2006) were able to 
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identify seven different charcoal morphotypes and suggested that particularly fragile 
types, such as those with high porosity, were best suited to fire history reconstructions as 
they were mainly moved via primary transportation. Similarly, Jensen et al. (2007) were 
able to distinguish between charcoal produced from grass, conifer or deciduous trees 
which allowed them to infer changes in vegetation composition and fire intensity over 
time. More recently, Aleman et al. (2013) examined the width to length relationship 
within charcoal particles and were able to infer land-use changes based on grass and 
wood morphologies. Therefore, examination of charcoal morphotypes within a lake can 
provide important information regarding vegetation cover and source area of charcoal.   
 
The analysis of charcoal from lake sediments requires extraction and isolation of 
the record. Within a lake, sedimentation can either be laminated (layers) or non-laminated 
(Larsen and MacDonald 1993; Glew et al. 2001) and methods have been developed to 
extract sediment from lakes based on this difference in sedimentation. The main 
technique for collecting laminated sediments is the freeze corer that preserves layers by 
freezing the sediment in place before extraction (Glew et al. 2001). For non-laminated 
sediments, two types of coring devices have been developed based on the differences in 
bulk density within the sediment profile (Glew et al. 2001; Cohen 2003). The gravity 
corer (i.e. Kajak-Brinkhurst) enables extraction of the more fluid upper sediments near 
the water-sediment interface, whereas the piston corer (i.e. Livingstone) is designed to 
extract progressively deeper sediments while minimizing the mixing of sediment through 
the profile (Glew 1991; Glew et al. 2001; Whitlock and Anderson 2003).  
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Upon extraction, the sediment is prepared for analysis on the basis of whether the 
regional or local record is required. In studies that seek to examine the regional fire 
record, the sediment is generally mounted on a pollen slide (Clark 1988a; Clark and 
Royall 1995; Clark and Hussey 1996; Blackford 2000; Carcaillet et al. 2001a; Asselin 
and Payette 2005) or made into a thin section (Clark 1988ab; Clark and Royall 1995; 
Clark and Hussey 1996; Ali et al. 2009a). In situations where the local record of fire is 
required, charcoal particles are isolated from sediment by sieving the samples to obtain 
the desired size class (often >150 µm) from the sediment and enables a number of 
measurements to be performed (Clark and Hussey 1996; Whitlock and Millspaugh 1996; 
Laird and Campbell 2000; Carcaillet et al. 2001a; Lynch et al. 2003; Asselin and Payette 
2005; Carcaillet et al. 2006; Ali et al. 2009a; Ali et al. 2009b).  
 
 The procedure for sediment sieving begins with sub-sampling continuous 
sediment cores. The frequency of the sub-samples provides different temporal resolution 
and is determined based on the purpose of any given study. Ali et al. (2009a) suggested 
that sub-sampling at intervals of 1 centimeter (cm) or less was appropriate when 
attempting to maintain equal temporal resolution. Whitlock and Anderson (2003) 
indicated that sub-sampling sediment cores at 0.5-1 cm intervals represented 5-20 years 
of sedimentation. However, the sedimentation rate for individual lakes is ultimately 
dependent on such factors as lake depth and area, as well as the type of aquatic vegetation 
(Gasiorowski 2008). Following sub-sampling of the sediment core, extraction of the 
charcoal record through the sieving technique requires further sub-sampling of the 
sediment slice. Whitlock and Anderson (2003) indicated that removal of 1-10 cm
3
 of 
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sediment may be required based on the type of analysis being done. More often, 1 cm
3
 is 
typically removed for analysis (Whitlock and Anderson 2003; Ali et al. 2009a; Brossier 
et al. 2014). Sediment sub-samples are then generally soaked in a deflocculant (such as 
sodium hexametaphosphate) to facilitate the sieving process (Whitlock and Anderson 
2003; Ali et al. 2009a) 
  
 Charcoal production, transport and deposition during and following a fire event 
can be used to infer fire activity through time (Patterson III et al. 1987; Clark 1988ab; 
Laird and Campbell 2000; Whitlock and Bartlein 2003; Asselin and Payette 2005; 
Higuera et al. 2007; Long et al. 2007; Kelly et al. 2011). Fire inferences are commonly 
made through a decompositional approach that separates the charcoal accumulation rate 
(CHAR) into a background and peak component (Whitlock and Larsen 2001; Whitlock 
and Anderson 2003; Higuera et al. 2010; Brossier et al. 2014). Within the CHAR record 
the slowly varying background component is related to such things as changes in biomass 
distribution and burning, secondary transport of charcoal and transport of extra-local 
charcoal (Long et al. 1998; Whitlock and Larsen 2001; Whitlock and Anderson 2003). 
The peak component of the CHAR record is related to primary transport and deposition 
directly associated with a fire event in the vicinity of the watershed (Long et al. 1998; 
Whitlock and Larsen 2001). Direct relation of charcoal peaks to fire events means that 
repeated occurrence over time can provide the long-term fire regime.  
 
 Separation of the CHAR record into the background and peak component is 
commonly determined by establishing a threshold, with values above the threshold 
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representative of fire events (Millspaugh and Whitlock 1995; Long et al. 1998). A 
number of techniques have been utilized for determining the threshold. For example, 
Millspaugh and Whitlock (1995) calculated the threshold in relation to known fires using 
a weighted running mean. Building on this approach, Long et al. (1998) also determined 
the threshold between the background and peak components against known fires but 
employed a locally weighted moving window to smooth the variability. More recently, 
Higuera et al. (2010) suggested that the determination of the threshold between the 
background and peak components is best represented by the 95
th
, 99
th
 or 99.9
th
 percentiles 
of the distribution. In addition, a high signal (peak) to noise (background) index should 
be used to help determine the appropriateness of chosen parameters (Higuera et al. 2010; 
Kelly et al. 2011). Based on these findings, Higuera et al. (2010) developed the statistical 
program CHARAnalysis that enables a separation of CHAR peaks from the background 
based on a threshold determined by the best signal to noise index. 
 
 Along with the extraction of the charcoal record, chronological control and the 
discussion of fire occurrence through time requires the determination of the approximate 
date of sediment deposition. Commonly, 
210
Pb and 
14
C isotopic dating methods are used 
to estimate when sediments were deposited on the lake bottom (Carcaillet et al. 2001a; 
Carcaillet et al. 2001b; Whitlock and Larsen 2001; Whitlock and Bartlein 2003; Higuera 
et al. 2009; Brossier et al. 2014). The 
210
Pb isotope is a product of the uranium decay 
series and is used for dating samples up to 150-200 years old based on a half-life of 22.3 
years (Appleby 2001; Cohen 2003). In 
210
Pb dating, the constant rate of supply (CRS) 
model is often used to describe 
210
Pb activity and assumes that the production and 
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deposition of atmospheric 
210
Pb, along with in situ production (background), is relatively 
constant on a year to year basis (Appleby 2001; Cohen 2003). Obtaining older dates from 
sediments is commonly through radiocarbon dating. Radiocarbon dating is made possible 
because carbon isotopes 
12
C, 
13
C and 
14
C are differentially incorporated into plant and 
animal tissues (fractionation) and exist in relatively stable proportions over the lifetime of 
most organisms (Björk and Wohlfarth 2001). The 
14
C isotope, in particular, is formed in 
the atmosphere through interaction with cosmic rays and has a half-life of 5568 years 
(Björk and Wohlfarth 2001). The ratio between 
14
C compared to 
12
C and 
13
C isotopes, 
combined with the availability of long-term reference materials of past isotopic ratios, 
enables the determination of the age of a sample up to 40,000 years old (MacDonald et 
al. 1991b; Björk and Wohlfarth 2001).   
 
1.4 Boreal forest development during the Holocene 
 1.4.1 Vegetation trends 
 At the onset of the Holocene the margins of the glaciers retreated northward 
followed closely by pro-glacial lakes (Wright 1968; Björk 1985; Overpeck et al. 1989; 
Marlon et al. 2009; Genries et al. 2012; Johnson and Miyanishi 2012). The subsequent 
draining of these lakes allowed vegetation to migrate into the newly exposed areas. 
Reconstructions of post-glacial environmental conditions reveal that the climate has been 
variable through time with periods of climatic shift punctuated by periods of relative 
stability (Björk 1985; Bowman et al. 2013). Broad trends in vegetation migration are 
reported between 10000-8000 BP, 8000-4000 BP, and 4000 BP-present (Genries et al. 
2012).  
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Between 10000-8000 BP the climate of North America was characterized by 
rapidly warming temperatures (Viau et al. 2006). Within central North America, 
paleoecological results indicate that the first tree-species to become established included 
eastern larch, black spruce, jack pine and paper birch (Love 1959; Wright 1968; Ritchie 
1976; Bjork 1985; Liu 1990; McLeod and MacDonald 1997; Dyke 2005; Genries et al. 
2012; Senici et al. 2013). Persistence of favourable growing conditions allowed the initial 
forest to transition from spruce dominated to increasing presence of pine and deciduous 
species as the ice and lake margins retreated (Love 1959; Dyke 2005; Senici et al. 2013).  
 
 The environmental conditions from 8000-4000 BP occurred during a climatic 
period known as the Hypsithermal (Last and Teller 1983; Bjork 1985; Viau et al. 2006). 
The climate of the Hypsithermal was characterized by the continued increase in 
temperatures from 8000 BP up to the Holocene maximum around 6000-4000 BP (Love 
1959; Wright 1968; Swain 1973; Björk 1985; Long et al. 1998; Carcaillet and Richard 
2000; Carcaillet et al. 2001b; Lynch et al. 2003; Whitlock and Bartlein 2003; Lynch et al. 
2004b; Viau et al. 2006; Long et al. 2007; Ali et al. 2008; Genries et al. 2012). Bjork 
(1985) indicated that in central North America, the maximum temperature around 6000 
BP corresponded to the maximum northward distribution of eastern white pine (Pinus 
strobus L.) which was approximately 200 km north of its present location. Similarly, 
Teller et al. (2008) reported that increased deposition of pollen from pine and deciduous 
trees into lake sediments was closely related to warmer temperatures within central North 
America. The pollen records also indicate that climatic cooling between 6000 and 4000 
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BP translated into a decrease in the distribution of eastern white pine populations (Wright 
1968; Björk 1985; Viau et al. 2006; Genries et al. 2012) and the rapid expansion of 
spruce and jack pine (Wright 1968; Björk 1985; Liu 1990; McLeod and MacDonald 
1997; Genries et al. 2012).  
 
During the period between 4000 BP-present, the climate has been cooler and 
moister than the period between 8000-4000 BP (Swain 1973; Genries et al. 2012). The 
development of the forest continued towards increasing jack pine and paper birch 
dominance and the forest has generally maintained its current distribution since 
approximately 4000 BP (Love 1959; Carcaillet and Richard 2000; Carcaillet et al. 2001b; 
Teller et al. 2008; Genries et al. 2012; Senici et al. 2013). In addition, within central 
North America, pollen records revealed that conditions became particularly moist from 
2000-1700 BP (Swain 1978; Larsen and MacDonald 1998ab; Campbell and Campbell 
2000). Love (1959) indicated that this period of increased moisture led to an expansion of 
the southern boundary of the boreal forest. Following this period of increased moisture, 
Laird et al. (2003) reported that dry conditions prevailed from approximately 1700-600 
BP. 
 
 1.4.2 Fire during the Holocene 
 The northward retreat of the glaciers and glacial lakes that enabled the migration 
of plants, animals and people into the newly exposed areas also corresponded to the 
introduction of fire onto the landscape (Whitlock and Bartlein 2003; Carcaillet et al. 
2006). Throughout the Holocene, the climatic variability that shaped the distribution of 
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vegetation was also a contributing factor in determining the size and frequency of fire 
(Ali et al. 2008). In addition to climate and vegetation as important components of fire 
occurrence, local conditions have an important role in determining when and where a fire 
will burn (Ali et al. 2008; Higuera et al. 2009). Similar to vegetation trends, broad trends 
in fire occurrence are reported between 8000-4000 BP, 4000-1000 BP and 1000 BP-
present (Ali et al. 2009b; Higuera et al. 2009; Genries et al. 2012; Senici et al. 2013). 
 
 During the period between 8000-4000 BP, fire frequency generally increased as 
temperatures became warmer. Higuera et al. (2009) reported that fire return intervals 
(FRI) of the boreal forest of western North America became shorter, increasing in 
frequency to an average of once every 145 years compared to an average 251 years for 
the period between 10000-8000 BP. They attributed this increase in fire frequency to 
climatic conditions that favoured the increased presence of highly flammable species, 
such as spruce and pine. Similarly, in the boreal forest of eastern North America, Ali et 
al. (2009b) reported that climatic changes towards dryer conditions contributed to a 
shortening of mean FRI after 5800 BP from 230 years to 110 years. Moos and Cumming 
(2012) reported a similar trend in central North America, indicating that fire frequency 
increased from 190 years to an average 119 years between 8000-4000 BP and also 
implicated climate and vegetation changes as responsible.  
 
During the period 4000-1000 BP a number of studies have indicated a change in 
fire frequency compared to the Hypsithermal (8000-4000 BP) period (Ali et al. 2009b; 
Kelly et al. 2013; Senici et al. 2013). For example, Kelly et al. (2013) indicated that 
 22 
 
warm, dry conditions in western North America allowed fire frequency to increase up 
until approximately 800 BP. They attributed the decrease in fire frequency since 800 BP 
to cooler, wetter conditions that were unfavourable to fire ignition and spread. Within 
eastern North America, Ali et al. (2009b) reported that FRI remained short up until 1000 
BP before experiencing a large decrease in fire frequency. Although FRI remained short 
during this period, a shift towards decreasing fire frequency around 4000 BP was 
attributed to the increasing influence of local factors on the start and spread of fire. 
Similarly, Senici et al. (2013) indicated that a decrease in relative fire frequency within 
their study area in central North America was observed around 4000 BP that could be 
attributed to the increased importance of changes to the species composition and 
abundance at local scales.  
 
During the most recent 1,000 years, fire frequency in the boreal forest has been 
decreasing compared to previous fire conditions (Lynch et al. 2003). Within the last 
1,000 years both the Medieval Climate Anomaly (MCA; 900-1200 CE) and the Little Ice 
Age (LIA; 1400-1850 CE) exhibited unique fire conditions within North America. For 
example, Kelly et al. (2013) indicated that fire frequency was higher during the MCA 
associated with hot, dry conditions and that it has decreased since the end of the MCA. 
Haig et al. (2013) reported that the MCA received the lowest amount of moisture in 
North America for the last 1,000 years. Similarly, Ali et al. (2009a) indicated that the fire 
frequency decreased in eastern North America at the end of the MCA and increased at the 
end of the LIA. Within the boreal forest of central North America, Moos and Cumming 
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(2012) reported that the fire frequency has generally decreased during the most recent 
1000 years.   
 
During the last 600 years, climate records reconstructed from tree rings revealed 
that the average climatic conditions were cool and wet (St George and Nielsen 2002; 
Girardin and Sauchyn 2008; St. George et al. 2009), punctuated by periodic drought (St 
George and Nielsen 2002; Tardif 2004; Girardin and Sauchyn 2008; St. George et al. 
2009). Since the onset of the LIA fire frequency has been variable, reported as 
intermediate between the years 1640 and 1720 CE, high between 1720 and 1810 CE and 
low between 1820 and 1863 CE (Clark 1988b; Clark 1990; Millspaugh and Whitlock 
1995). With the end of the LIA, conditions were more moist with higher fire frequency 
between 1863 and 1920 CE and lower between 1920 and 1970 CE (Heinselman 1973; 
Swain 1978; Gajewski et al. 1985; Clark 1988b; Clark 1990; Clark and Royall 1995; 
Millspaugh and Whitlock 1995; Stocks et al. 2003; Tardif 2004; Girardin et al. 2006b; 
Girardin et al. 2006c; Girardin 2007; Girardin and Sauchyn 2008).  
 
 1.4.3 Human influences 
 Superimposed over post-glacial vegetation and fire trends are complex social 
conditions that potentially influenced the pattern of fire and vegetation on the landscape. 
Within central North America archaeological evidence suggests that people first arrived 
approximately 9,000 years ago (Love 1959; McMillan 1995; Johnson and Miyanishi 
2012). This arrival of human populations onto the landscape contributed to an increase in 
fire frequency as fire has long been a tool used to stimulate vegetation growth and alter 
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the landscape (Heinselman 1973; Alexander 1981; White 1985; Murphey et al. 2000; 
Miller and Davidson-Hunt 2010; Archibald et al. 2012; Johnson and Miyanishi 2012; 
Girardin et al. 2013).  
 
The arrival and migration of European settlers in North America during the 17
th
 
century also had important implications for vegetation, wildlife and fire (White 1985; 
Schwimmer et al. 1998; Johnson and Miyanishi 2012; Johnson and Kipfmueller 2016). 
This influence began with the onset of the fur trade and was intensified as improved 
infrastructure opened up large areas to development (Heinselman 1973; Alexander 1981; 
White 1985; Johnson and Miyanishi 2012). The widespread construction of the railways 
exposed previously isolated areas to increased fire hazard associated with the 
development of agriculture, forestry and mining activities (McMillan 1995; Johnson and 
Miyanishi 2012; Bowman et al. 2013). Despite this increased human activity, studies 
have revealed that fire frequency has generally decreased since 1850 CE compared to the 
period before (Weir et al. 2000; Tardif 2004; Girardin et al. 2006b; 2006c; 2006d). In 
contrast, others indicated that fire frequency has increased since 1850 CE (Senici et al. 
2010). In addition, fire frequency has been reported to have increased since the 1970’s 
(Skinner et al. 1999; Skinner et al. 2002; Beverly and Martell 2005; Fauria and Johnson 
2006; Gillett et al. 2004; Girardin et al. 2006b; Kasischke and Turetsky 2006; Girardin 
2007; Fauria and Johnson 2008; Shabbar et al. 2011; Bowman et al. 2013).  
 
Forest management practices and climate changes have the potential to alter the 
fire regime of the boreal forest and, subsequently, species distribution and stand structure 
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(Weber and Flannigan 1997; Weber and Stocks 1998; Bergeron et al. 2001; Bergeron et 
al. 2002; Lesieur et al. 2002; Flannigan et al. 2005; Girardin et al. 2010). One issue 
confronting forest management objectives is a lack of information regarding past fire 
regimes (Girardin et al. 2010). This can be resolved through analysis of archival and 
paleoecological proxy records that can be used to infer past fire events and environmental 
conditions (Hughes and Diaz 1994; Weber and Flannigan 1997; Flannigan et al. 2001; 
Willis and Birks 2006; Fauria and Johnson 2008; Girardin et al. 2010; Whitlock et al. 
2010; Girardin et al. 2012). In addition to archival records, two records that are 
particularly suited to fire reconstructions are tree rings and lake sediment charcoal 
(Whitlock et al. 2004; Whitlock et al. 2010). 
 
 1.5 Thesis rationale and objective 
The impact of climate change on fire occurrence and forest distribution has 
become a growing concern. Many studies have reported that fire frequency and intensity 
are expected to increase in association with increasing temperatures (Girardin et al. 2012; 
Flannigan et al. 2013). An increase in fire frequency and size could have important 
consequences for species distribution and forest composition. As fire is an important 
process in the boreal forest and a major contributor to nutrient cycling, carbon balance, 
stand regeneration and heterogeneous forest structure, the integration of fire into 
management strategies is necessary. A number of management strategies thought to 
replicate fire as a disturbance include clear-cut (crown fire) and selective (surface fire) 
harvesting techniques, as well as prescribed burns of various intensities. However, 
decisions regarding the appropriate timing, frequency and size of management projects 
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require the natural pattern of fire for the area in question to be known. There is a general 
consensus that more research is needed across the boreal forest to determine the historic 
fire cycle and factors contributing to its variability. A number of archival and proxy 
records have been identified that are suitable for determining past fire size and frequency, 
with proxy records contained in tree rings and lake sediments particularly suited to long-
term fire history reconstructions. The main objective of this thesis was to reconstruct a 
multi-millennial fire history for a portion of the south-central boreal forest. The study 
area is located at the transition between the Boreal Shield, Prairies and Great Lakes-St. 
Lawrence Ecozones where the maintenance of the southern boundary of the boreal forest 
is potentially sensitive to predicted climate changes (Weber and Flannigan 1997). 
Establishment of a fire history in the area is necessary to provide information on long-
term changes in fire-climate associations and the potential effect that Aboriginal and 
European land-use had on the fire cycle (Johnson and Miyanishi 2012).
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2.0 Multi-proxy fire history reconstruction in the boreal forest 
of south-central Canada
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2.1 Introduction  
 2.1.1 Fire in the boreal forest 
 Fire is an important disturbance agent in the boreal forest of North America with 
an average of two to seven million hectares burned on an annual basis (Stocks et al. 
2003; de Groot et al. 2013). Recent studies have reported that climatic changes could lead 
to greater fire frequency with important implications for forest composition, forest 
dynamics and management objectives (Flannigan et al. 2005; Girardin and Mudelsee 
2008; Girardin et al. 2013). For example, Flannigan et al. (2005) indicated that the annual 
area burned (AAB) could increase by 74-118 percent in a 3xCO2 environment. Girardin 
et al. (2012) reported that such a large increase in AAB would lead to conditions beyond 
that observed throughout the entire post-glacial period in the boreal forest of eastern 
North America. However, the lack of continuous long-term fire records across the 
Canadian boreal forest makes it difficult to assess the impact of future climate change on 
AAB and its consequences.  
 
 The relatively short fire records that currently exist within the boreal forest are 
problematic for use in interpreting recent and future fire frequency because they were 
collected during a period of widespread landscape development and fire suppression that 
may not accurately represent natural conditions (Murphy et al. 2000). Currently, the 
boreal forest of central North America is largely dominated by a crown fire regime 
(Senici et al. 2013). However, millennial-scale reconstructions of fire activity reveal a 
complex interaction between vegetation, climatic conditions and fire activity (Ali et al. 
2009a; Ali et al. 2009b; Senici et al. 2013). Therefore the determination of past forest fire 
 29 
 
variability is an important area of research that enables placement of current and future 
fire observations into historical context and aids in the prediction and interpretation of 
future fire projections (Bergeron et al. 2001; Girardin and Mudelsee 2008; Girardin et al. 
2012). In addition to archival records, fire history and vegetation assemblages can be 
reconstructed through paleoecological investigations using tree rings and lake sediments, 
each providing a distinct proxy record of past conditions. 
 
 2.1.2 Fire history records  
 2.1.2.1 Archival records 
 A number of archival records provide information on past fires through a direct 
record of events or conditions (written and instrumental accounts of climate and fire 
events) or through interpretation of forest structure (aerial photographs/remote sensing). 
For example, Fritz et al. (1993) examined written records of fire events from fur trade 
posts as a proxy record for explaining fluctuations in ungulate populations in 
northwestern Ontario since 1786. In addition, fire history reconstructions can also use 
instrumental records such as continuous temperature and precipitation data to help 
establish patterns of past fire frequency (Grissino-Mayer and Swetnam 2000; Whitlock et 
al. 2010). For example, Clark (1989) used temperature and precipitation data spanning 
150 years to analyze the water balance within the forests of northern Minnesota and was 
able to establish periods of increased fire frequency in relation to moisture deficits. 
Similarly, Newark (1975) utilized weather records to elucidate the relationship between 
atmospheric pressure systems and fire events in northwestern Ontario. Within North 
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America, the spatiotemporal coverage of archival records is generally limited to the last 
few centuries. 
 
 Archival records became more spatially dispersed and continuous with the advent 
of systematic record keeping by national institutions and are particularly detailed for the 
period beginning around the 1970’s (Van Wagner 1988; Murphy et al. 2000; Stocks et al. 
2003). For example, the development of the Large Fire Database by Stocks et al. (2003) 
was based on records collected between 1959 and 1997 and provided a record of fires 
>200 ha across the boreal region of North America. Similarly, the development of fire 
prediction models linked to outputs from General Circulation Models are based on recent 
records and it enabled Flannigan et al. (2005) to provide predictions of future fire 
conditions across the boreal forest in response to climate changes. More recently, 
Boulanger et al. (2012) used fire data from 1980-99 to develop a fire zonation scheme 
that more accurately grouped areas with similar fire traits than obtained from ecological 
classification systems. Although these records are important for placing the boreal forest 
into an historical context, their relatively short duration compared to the history of boreal 
forest development requires analysis of proxy records that can be used to obtain longer 
records of past fire occurrence.  
 
 2.1.2.2 Tree-ring records 
 Fire history reconstructions based on tree-ring records have been extensively 
conducted throughout the boreal forest of North America using ring-width chronologies 
(Girardin 2007; Girardin and Sauchyn 2008), stand initiation dates, fire scars or a 
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combination of these records (Bergeron 1991, Johnson and Gutsell 1994; Tardif 2004). 
Archival fire history records can be extended through analysis of tree rings because they 
commonly provide a temporal record of 3-4 centuries within the boreal forest (Bergeron 
1991; Tardif 2004; Girardin et al. 2006b). For example, Girardin and Sauchyn (2008) 
used tree-ring width chronologies spanning 300 years to infer annual area burned from 
drought induced growth suppression in the boreal forest of North America. Despite the 
length of the record, it is difficult to assess long-term trends of past fire variability 
because many periods of climatic changes and climatic stability occur over longer time-
spans than the temporal range of the tree-ring record (Girardin et al. 2012). As a result, 
analyses of additional fire proxies, such as the charcoal record from lake sediments, have 
been undertaken to obtain longer fire records.  
 
 2.1.2.3 Lake sediment records 
 Lake sediment records have been used extensively throughout the boreal forest to 
determine past climate, vegetation and fire conditions. Björk (1985) was able to 
reconstruct the post-glacial migration of vegetation in northwestern Ontario using pollen 
records obtained from lake sediments and, through changes in relative pollen abundance, 
was able to infer climatic changes. Similarly, Carcaillet et al. (2001b) were able to 
reconstruct post-glacial climate and vegetation dynamics in the boreal forest of eastern 
North America and indicated that vegetation distribution was largely determined by fire 
as assessed through charcoal records. Senici et al. (2013) also used macroscopic charcoal 
particles (>125 µm) to reconstruct fire frequency within the boreal forest of northwestern 
Ontario over the last 10,000 years. Similarly, Brossier et al. (2014) used macroscopic 
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charcoal particles to reconstruct fire history over 7,000 years in the eastern boreal forest. 
Therefore, the lake sediment charcoal record is particularly suited to fire history 
reconstructions and can extend the record beyond that provided by the archival and tree-
ring records (Whitlock and Larsen 2001).  
 
 2.1.3 Post-glacial boreal forest development of central North America 
  The boreal forest of central North America has been developing during a geologic 
period known as the Holocene that began with the end of the most recent glaciation 
approximately 10,000 years ago (Wright 1968; Björk 1985; Overpeck et al. 1989; Marlon 
et al. 2009; Johnson and Miyanishi 2012). Between 10000 and 8500 years BP 
(BP=before present; present =1950 CE) the northward retreat of the glaciers and glacial 
Lake Agassiz enabled the migration of plants, animals and people into the newly exposed 
areas (Björk 1985; McMillan 1995; Thornleifson 1996; Johnson and Miyanishi 2012). 
Paleoecological results indicated that the first tree-species to migrate into central North 
America were eastern larch (Larix laricina (Du Roi) K.Koch), black spruce (Picea 
mariana (Mill) B.S.P.), jack pine (Pinus banksiana Lamb.) and paper birch (Betula 
papyrifera Marsh.) (Love 1959; Ritchie 1976; Björk 1985; McLeod and MacDonald 
1997; Dyke 2005; Senici et al. 2013). Persistence of favourable growing conditions 
allowed the initial forest to transition from spruce dominated to an increased presence of 
pine and deciduous species as the ice and lake margins retreated (Love 1959; Dyke 2005; 
Senici et al. 2013). The forests reached their maximum northward extent in association 
with peak temperatures about 6,000 years ago (Hypsithermal) followed by the gradual 
expansion of species more tolerant of the cooler temperatures that prevailed during the 
 33 
 
most recent 4,000 years (Neoglacial). Modern forest conditions and species distribution 
are similar to those that prevailed during the most recent 4,000 years, but with a trend 
towards increasing spruce and aspen and a retraction of the northern tree-line (Love 
1959; Dyke 2005).  
 
The migration of vegetation into newly deglaciated areas also allowed for the 
occurrence of fire. Within the boreal forest of central North America paleoecological 
reconstruction of post-glacial environmental conditions have revealed that fire occurrence 
generally reflected vegetation migration, with broad trends in fire frequency and area 
burned between 8000-4000 BP and 4000 BP-present (Moos and Cumming 2012; Senici 
et al. 2013). The period between 8000-4000 BP was characterized by higher than average 
fire frequency in association with increasing temperature and the northward expansion of 
pine species. The maximum post-glacial fire frequency occurred approximately 6000 BP 
and was associated with the dominance of pine species and conditions that were warmer 
and drier than present (Vance et al. 1995; Viau and Gajewski 2009; Moos and Cumming 
2012; Senici et al. 2013). The frequency of fire within central North America gradually 
decreased during the most recent 4,500 years with the prevalence of cooler and wetter 
conditions and the expansion of deciduous species (Senici et al. 2013).  
 
More recently, climatic conditions associated with the Medieval Climate 
Anomaly (MCA; 900-1300 CE) and the Little Ice Age (LIA; 1400-1850 CE) has enabled 
reconstruction of fire frequency and area burned on a finer scale. Paleoecological 
analyses indicated that climate was warmer and drier during the MCA compared to the 
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LIA (Viau and Gajewski 2009; Laird et al. 2012; Moos and Cumming 2012; Haig et al. 
2013). The warmer, dryer conditions associated with the MCA would have contributed to 
increased fire frequency in the boreal forest of central North America as periods of 
drought are related to increased fire risk (Girardin and Wotton 2009). During the most 
recent 600 years, diatom records indicated that the average LIA climate of the central 
North American boreal forest was wetter than that of the MCA (Haig et al. 2013). 
Further, climate records obtained from tree rings indicated that the wetter conditions of 
the last 600 years were punctuated by periodic drought events (St. George and Nielsen 
2002; St. George et al. 2009). The association between drought induced ring-width 
variations and area burned indicated that variability in AAB increased towards the end of 
the LIA and again during the most recent 50 years (Girardin et al. 2006b; Girardin and 
Sauchyn 2008).  
 
Superimposed over post-glacial vegetation and fire trends are complex social 
conditions that potentially influenced the pattern of fire and vegetation on the landscape. 
Within central North America archaeological evidence suggests that people first arrived 
approximately 9,000 years ago (McMillan 1995; Johnson and Miyanishi 2012). This 
arrival of human populations onto the landscape would likely have contributed to an 
increase in fire frequency as fire has long been a tool used to stimulate vegetation growth 
and alter the landscape (Heinselman 1973; Murphy et al. 2000; Miller and Davidson-
Hunt 2010; Archibald et al. 2012; Johnson and Miyanishi 2012; Girardin et al. 2013; 
Johnson and Kipfmueller 2016). Day (1953) revealed that fire was used by Aboriginal 
peoples throughout North America for a number of purposes, such as clearing land, 
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improving hunting conditions and stimulating vegetation growth. Similarly, Miller and 
Davidson-Hunt (2010) reported that Aboriginals in northwestern Ontario identified fire as 
a crucial forest process and utilized it in land management when deemed necessary and 
appropriate. Within central North America, Anderton (1999) indicated that fire was a tool 
used by Aboriginals to maintain blueberry patches throughout the forests around Lake 
Superior.  
 
During the most recent three centuries the human influence on fire frequency 
increased with the migration of European settlers beginning in the early 17
th
 century as 
fur-trade routes and posts were established and land cleared for settlement (Heinselman 
1973; White 1985; Johnson and Miyanishi 2012). In addition, the European influence on 
fire occurrence was enhanced with the advent of industrialization and the construction of 
the railways beginning in the 19
th
 century (White 1985; McMillan 1995). Several studies 
indicated that this increased activity resulted in increased fire frequency but decreased 
area burned since 1850 CE compared to the period before (Weir et al. 2000; Tardif 2004; 
Girardin et al. 2006b; Girardin et al. 2006c; Girardin et al. 2006d). Similarly, other 
results confirmed an increase in fire frequency but that it did not occur until the 1920’s 
(Senici et al. 2010). The 1920’s also marks the beginning of active fire suppression 
throughout the boreal forest of North America (Baker 1992). However, it remains 
uncertain whether fire suppression has (Martell and Sun 2008) or has not (Baker 1992) 
had a significant effect on reducing the area burned. For example, area burned has been 
reported to have increased throughout the boreal forest region of North America since the 
1970’s despite modern fire suppression practices (Skinner et al. 1999; Skinner et al. 
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2002; Beverly and Martell 2005; Fauria and Johnson 2006; Gillett et al. 2004; Girardin et 
al. 2006b; Kasischke and Turetsky 2006; Girardin 2007; Fauria and Johnson 2008; Senici 
et al. 2010; Shabbar et al. 2011).  
 
 2.1.4 The need for multi-proxy comparisons  
 The potential for error in the interpretation of fire events from periods of increased 
charcoal accumulation in sediment, such as those resulting from sediment redeposition or 
erosion events, has led to the realization that better controls were needed to help 
differentiate actual fire events from noise (Higuera et al. 2005; Higuera et al. 2011; 
Brossier et al. 2014). For example, Bradbury (1996) reported that wind and lake currents 
were responsible for the resuspension and redeposition of charcoal particles into deeper 
water over time. This potential for error has resulted in an increased number of studies 
that compared charcoal records and tree-ring fire records to provide a more detailed 
record of past fire than is possible with either record alone (Whitlock and Larsen 2001; 
Whitlock et al. 2003; Higuera et al. 2005; Higuera et al. 2011; Girardin et al. 2012; 
Brossier et al. 2014). Although studies comparing fire events reconstructed from tree-ring 
and charcoal records have become increasingly common, their spatial coverage is still 
limited, with study areas located predominantly in the eastern Boreal Shield and Taiga 
Shield ecozones within eastern Canada (Asselin and Payette 2005; Girardin et al. 2012; 
Brossier et al. 2014), and the Humid Temperate Domain (Clark 1988b; Clark 1990; 
Millspaugh and Whitlock 1995; Whitlock et al. 2004; Higuera et al. 2011) and Dry 
Domain (Gavin et al. 2003; Higuera et al. 2005) of the United States. Within the boreal 
forest of central North America only a small number of studies have assessed the long-
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term fire trends using lake sediment records and even fewer have used a multi-proxy 
methodology (Moos and Cumming 2012; Senici et al. 2013). Furthermore, no long-term 
fire history reconstruction has been conducted at the southern margin of the central 
Canadian boreal forest. This region and its fire regime may be particularly susceptible to 
climate changes as it marks the transition between the boreal forest, the prairies to the 
southwest, and the temperate forest to the southeast (Genries et al. 2012; Haig et al. 
2013).  
 
 2.1.5 Objectives and Hypotheses 
From a forest management perspective, the importance of fire to the functioning 
of forest ecosystems necessitates that the conditions that led to the current distribution 
and composition be understood. In this study the long-term fire history was reconstructed 
for a portion of Lake of the Woods Ecoregion, an area of the south-central Boreal Shield 
Ecozone situated along the transition between the Boreal Plains and Prairie Ecozones to 
the west and the Humid Temperate Domain to the south and southeast. Two objectives 
were put forward for the fire history reconstruction. The first objective was to compare 
the reconstructed recent fire history around eight lakes using proxy records that are 
obtained from archival, tree-ring and lake sediment charcoal records. The second 
objective was to reconstruct a multi-millennial fire history from the charcoal records 
contained in lake sediment and compare it with results from other North American 
studies. It was hypothesized that charcoal accumulation would increase in association 
with known fire events identified from the archival and tree-ring records. Further, it was 
hypothesized that European settlement and modern climate changes have influenced the 
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fire frequency. Contained within the reconstruction period are a number of well 
documented climate anomalies (MCA, LIA) and periods of severe, widespread fire. It 
remains unclear whether the modern fire regime (frequency, size) of the central boreal 
forest falls within the historic range of variability. 
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2.2 Materials and Methods 
 2.2.1 Study area 
 The study area is located in the southern boreal forest of central Canada in the 
Lake of the Woods Ecoregion (LWE) along the border between the provinces of 
Manitoba and Ontario (Figure 1; Appendix I). The LWE occupies the southern-most 
portion of the central Boreal Shield Ecozone (Ecological Stratification Working Group 
1996). At a finer scale, the study area is located within both the Kenora Ecodistrict and 
along the border between the Kenora Ecodistrict and the Pinawa Ecodistrict (Smith et al. 
1998, Crins et al. 2009). The entire LWE was extensively covered by glaciers during the 
last glaciation up until approximately 12,000 years ago, followed by the transition to 
coverage by glacial Lake Agassiz (Thornleifson 1996; Yang and Teller 2005). The 
presence of glacial Lake Agassiz within the study area ended around 8000 BP.  
 
 The geology of the LWE is comprised mainly of massive crystalline Archean 
rocks and limestone (Ecological Stratification Working Group 1996; Smith et al. 1998; 
Crins et al. 2009). Bedrock is overlain with thick to thin glacial till, fluvioglacial, and 
glacial Lake Agassiz deposits (Ecological Stratification Working Group 1996; Smith et 
al. 1998; Crins et al. 2009). Soils of the region consist of poorly drained Organic 
Mesisols, Fibrisols, Brunisols, Luvisols and Chernozems within the low lying areas and 
little to no soil covering the rock outcrops (Ecological Stratification Working Group 
1996; Smith et al. 1998; Crins et al. 2009). The topography of the region is comprised of 
undulating terrain alternating between upland bedrock outcrops and lowlands (Ecological 
Stratification Working Group 1996). The elevation of the LWE ranges between 215 and 
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Figure 1: Map of the study area. The inset figure represents the limits of the Boreal 
Shield Ecozone (grey shaded area) and the Lake of the Woods Ecoregion (LWE; black 
line). The eight study lakes are indicated by the black triangles. The main figure provides 
a detailed view of the study area. The black dot indicates the city of Kenora for context. 
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390 meters (m) above sea level (Smith et al. 1998). The Pinawa Ecodistrict marks the 
transition from the Canadian Shield to the east (Kenora Ecodistrict) and the Lake Agassiz 
deposit dominated Ecodistricts to the west.  
 
 The continental climate of the LWE is characterized by a gradient between the 
Subhumid Transitional Low Boreal in the north (Crins et al. 2009) and the Moist Lower 
Boreal in the south (Scott 1995). Within the LWE the climate is characterized by short, 
warm summers and long, cold winters (Ecological Stratification Working Group 1996; 
Smith et al. 1998; Crins et al. 2009). For the period 1981-2010 the mean annual 
temperature ranged between 2.5 degrees Celsius (°C) and 3.1°C at Kenora. For Indian 
Bay and Kenora, the highest mean July temperature ranged from 19.1°C to 19.7°C and 
the lowest mean January temperature ranged from -17°C to -16°C, respectively 
(Government of Canada Climate Normals 2016). Mean annual precipitation ranged 
between 630 millimeters (mm) at Indian Bay and 715 mm at Kenora, of which 
approximately 536 mm falls as rain (Government of Canada Climate Normals 2016). A 
moisture gradient exists within the LWE with higher precipitation and lower moisture 
deficits in the Kenora Ecodistrict compared to the Pinawa Ecodistrict (Smith et al. 1998). 
 
 The vegetation in the LWE forms part of the transition between the Northern 
Coniferous boreal forest to the north, the Great Lakes-St. Lawrence forest to the 
southeast and the Manitoba Lowlands to the southwest (Rowe 1972; Ecological 
Stratification Working Group 1996; Smith et al. 1998; Crins et al. 2009). Dominant tree-
species in the ecoregion include black spruce, jack pine, white spruce (Picea glauca 
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(Moench) Voss), northern white-cedar (Thuja occidentalis L.), balsam fir (Abies 
balsamea (L.) Mill), trembling aspen (Populus tremuloides Michx.), paper birch, and 
other hardwoods (Rowe 1972; Ecological Stratification Working Group 1996; Smith et 
al. 1998; Crins et al. 2009). This area also represents the northwestern limit of red pine 
(Pinus resinosa Ait.) and eastern white pine (Pinus strobus L.) distribution (Rowe 1972; 
Ecological Stratification Working Group 1996). The distribution of vegetation in the 
LWE has also been influenced by human activities through extensive land-clearing for 
agriculture, forestry activities and altered fire conditions throughout human habitation by 
both Aboriginal and European populations (Rowe 1972; Scott 1995).  
 
 2.2.2 History of human activities 
Evidence for the presence of human populations indicates an arrival and spread of 
Aboriginals throughout North America approximately 14,000-8,000 years ago (Dickason 
1992; McMillan 1995). Within the LWE, archaeological evidence suggests that people 
first arrived approximately 8,000 years ago (Dickason 1992; McMillan 1995). For the 
period between the initial arrival and European contact, there was widespread 
manipulation of the landscape for agricultural and hunting purposes throughout North 
America (Dickason 1992). At the time of European contact, the boreal forest region of 
central North America was occupied by Native Americans of Anishinaabe heritage 
(Dickason 1992). The Anishinaabe practiced limited slash-and-burn agriculture and 
largely subsisted on hunting and gathering activities. The arrival and expansion of 
European settlement into central North America began during the 17
th
 century in relation 
to the fur trade (McMillan 1995). During this period, Anishinaabe people migrated into 
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the LWE along with European fur traders (Davidson-Hunt 2003). The Anishinaabe 
provided support to the fur traders through provision of supplies and often managed 
resources through the application of fire (Davidson-Hunt 2003). In 1873, the signing of 
Treaty #3 enabled the westward expansion of European colonization (Davidson-Hunt 
2003).  
 
The earliest establishment of a modern transportation network through the area 
was the Dawson Road constructed in the 1860’s that linked Thunder Bay to Winnipeg 
through a series of land and water connections (Wightman and Wightman 1997; 
Davidson-Hunt 2003). Railway construction through the area began in 1874 and the 
connection between Thunder Bay and Winnipeg was completed in 1885. Within the 
study area large-scale logging began in the 1880’s and was sustained until a sharp decline 
in the 1930’s (Wightman and Wightman 1997; Davidson-Hunt 2003). A period of road 
construction occurred in the 1930’s that began to open up the northern portions of 
Ontario. Connection between Manitoba and Ontario via road was established for the first 
time in 1934. A number of additional roads were constructed over time that came near the 
study lakes, including highway 596 from Kenora to Minaki (passing by Lake O6) that 
was completed between 1958 and 1966 (Appendix II) and Highway 525 from Minaki to 
Whitedog that was begun in 1956 and paved beginning in 1982. Cygnet Lake road 
passing by Lakes O14 and O15 (Appendix III and IV) and Sherwood Lake road passing 
by Lake O4 (Appendix V) were constructed for resource extraction and recreational 
purposes. In the 1950’s the first systematic Forest Resource Inventories (FRI) were 
undertaken by Provincial governments and the forest industry with the objective of 
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extensively cataloging the forest resource through aerial and ground surveys (Wightman 
and Wightman 1997). With the advent of industrial forest harvesting in the 1970’s, clear-
cut harvesting increased followed by a decline in the latter portion of the 20
th
 century 
(Wightman and Wightman 1997).  
 
The Manitoba portion of the study area is located entirely within the Whiteshell 
Provincial Park (WPP) which was established in 1961 and encompasses 2,729 km
2
 
(Manitoba Department of Mines, Natural Resources and Environment-Parks Division 
1978). Prior to the designation as a park a number of roads and railways were constructed 
through WPP. In the northern portion of the study area near Lake M34, a tramway was 
built from the Pointe du Bois generating station in 1929 (Appendix VI) to facilitate 
construction of the Slave Falls generating station (Lacey 1996). In 2009, the tramway 
was replaced with an all-weather road (Wyatt 2015; Manitoba Hydro 2016). In the 
southern portion of the study area near Lake M16, construction of highway 44 was 
completed in 1933 (Appendix VII). The road network in WPP was further enhanced by 
the construction of Provincial Route 307 and 309 between 1933 and 1948 with the latter 
passing near Lake M14 (Appendix VIII; Manitoba Infrastructure and Transportation 
2016). In 1950 a gravel road was constructed past Lake M15 (Appendix IX; Manitoba 
Infrastructure and Transportation 2016) to allow cottage development around West Hawk 
Lake (Manitoba Infrastructure and Transportation 2016). 
 
 2.2.3 Lake sediment field and laboratory work  
 2.2.3.1 Lake selection and sediment extraction 
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In the summer of 2009 an initial reconnaissance was conducted to select lakes 
suitable for fire history reconstruction. During this survey, 30 candidate lakes were pre-
selected based on size and accessibility criteria using Google Earth. Final selection of 
suitable lakes was determined by visiting each lake to ensure that they had no inflowing 
streams, a minimum water depth of 1 m, no evidence of aquatic plant growth at the 
centre, and minimal evidence of beaver activity (Carcaillet et al. 2001b; Whitlock and 
Anderson 2003). Of the 30 lakes surveyed, 14 were deemed suitable for fire history 
reconstruction, nine from southeastern Manitoba and four from northwestern Ontario.  
 
 During February 2010, eight of the 14 lakes were revisited for sediment extraction 
(Figure 1; Appendices I-IX; Table 1), the others having been discarded mainly due to 
time constraints. The collection of the sediment cores from the eight selected lakes 
included removal of the sediment profile from the sediment-water interface down to the 
sediment-clay interface (Appendix X) that represented the total post-glacial period of 
sediment accumulation. Lake sediments were extracted using a Kajak-Brinkhurst (KB) 
gravity corer (Glew et al. 2001) and a modified Livingstone piston corer (Glew et al. 
2001) operated through holes drilled into the ice surface. The coring procedure required 
an overlap between successive cores and a minimum 20 centimeter (cm) of overlap was 
retained to this end. The extracted KB cores were sub-sectioned into 1 cm thick slices in 
the field and stored in labelled plastic bags (Figure 2 A-B). The Livingstone cores were 
extruded onto labelled poly-vinyl chloride tubes lined with aluminum foil and vinylidene 
chloride plastic (Saran
TM
) wrap and transported to the laboratory (Figure 2 C). All 
samples were stored at 4°C in the laboratory while awaiting further analysis.
  
 
Table 1: The location and physical characteristics of the eight sampled lakes and the general condition of the surrounding landscape. 
The relief column represents general topography ranging from low-lying areas surrounded by low elevation rock outcrops (Low) 
through to lakes bordered by steep outcrops and extensive undulating terrain (High). 
Lake 
Latitude 
(N) 
Longitude 
(W) 
Elevation 
(masl) 
Maximum 
Water 
Depth (m) 
Maximum 
Length 
(m) 
Maximum 
Width 
(m) 
Area 
(ha) 
KB  
Core 
Length 
(cm) 
Livingstone 
Core 
Length 
(cm) 
Relief 
General 
Moisture 
M14 50°04'32” 95°24'08” 330 1.2 400 345 8.6 51 97 Low Hydric 
M15 49°47'09” 95°11'25” 337 5.7 513 125 5.3 41 96 Med Xeric 
M16 49°48'57” 95°15'56” 341 2.5 485 124 5.0 26 90 High 
Xeric-
mesic 
M34 50°13'48” 95°34'40” 290 4.5 300 200 4.3 39 - Low Mesic 
O4 49°45'27” 94°52'40” 366 7.2 710 230 14.6 37 98 High Xeric 
O6 49°49'17” 94°47'01” 361 3.3 436 208 6.3 44 93 Med Xeric 
O14 50°01'42” 94°49'28” 332 8.3 360 120 7.0 36 99 Med Xeric 
O15 50°00'29” 94°58'57” 339 3.9 461 192 6.2 22 97 High 
Xeric-
mesic 46
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Figure 2: General procedure for the tree-ring and lake sediment sampling and 
methodology. The KB core extracted from the lake (A). 1 cm thick KB sediment slice in 
the field (B).The Livingstone core extracted from the lake (C). Vials containing 1 cm
3
 
subsample, bags containing 1 cm sediment slices and the 1 cm
3
 Livingstone brass 
subsampler and 1 cm
3
 KB volumetric syringe (D). Vials containing sediment solution on 
shake table (E). Charcoal particles on the sieve (F). The image contains three pieces of 
charcoal, one of which is being measured (green outline). In the background of the 
image, under the sieve, is the graph paper reference grid. Charcoal particle of narrow 
grass morphotype (G). Grass particle of wide grass morphotype (H). Charcoal particle of 
wood (branch) morphotype (I). Charcoal particle of wood (leaf) morphotype (J). 
Laminated paper and digital caliper for pith estimation (foreground) and tree cross-
section (background) containing the 1863 and 1894 fire scar (K).
A B D
  B 
C
  B 
E
  B 
F
  B 
G
  B 
H
  B 
I
  B 
J
  B 
K
  B 
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2.2.3.2 Sediment dating (
210
Pb and 
14
C) and age-depth model 
 Dating of the upper sediments (KB core) was undertaken using standard methods 
of the 
210
Pb Constant Rate of Supply (CRS) technique (Binford 1990; Carcaillet et al. 
2001a; Brossier et al. 2014). The CRS technique assumes that the 
210
Pb content in 
sediments is composed of a ‘supported’ fraction that is supplied from in situ radioactive 
decay and an ‘unsupported’ fraction that is supplied from the atmosphere. The supply of 
the unsupported and supported 
210
Pb is assumed to be constant in the CRS technique. The 
210
Pb isotope is a product of the uranium decay series and is used for dating samples up to 
150-200 years old based on a half-life of 22.3 years (Appleby 2001; Cohen 2003). The 
procedure followed in 
210
Pb preparation was that outlined by Mycore Scientific Inc. 
(http://mycore.ca) and through consultation with Dr. A. Ali (Université Montpellier 2) 
where the initial wet weight of the homogenized sediment was obtained followed by 
removal of a 1 cm
3
 subsample for charcoal analysis with an additional 1 cm
3 
set aside for 
future pollen analysis (Figure 2 D). The sediment was reweighed following removal of 
the two 1 cm
3
 subsamples and each unsealed bag of sediment was placed into an oven 
and dried at 40°C for an average of four days. Dry sediment was weighed, disaggregated 
with a mortar and pestle and sealed in new relabelled plastic bags until further analysis. 
For each lake, the upper 20 to 25 cm was submitted and all dating completed by MyCore 
Scientific Inc. The submitted samples enabled dates to be obtained for between 13 and 19 
cm, depending on the lake. 
  
 Dating of the deeper (Livingstone core) sediments were undertaken on organic 
material or bulk sediments using the 
14
C Accelerator Mass Spectrometry (AMS) method 
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(Björk and Wohlfarth 2001; Carcaillet et al. 2001a; Ali et al. 2008; Ali et al. 2009a). The 
procedure followed in 
14
C preparation was that outlined by Beta Analytic 
(http://www.radiocarbon.com) and through consultation with Dr. A. Ali (Université 
Montpellier 2). Prior to 
14
C
 
dating two 1 cm
3
 sub-samples were removed from the middle 
of each 1 cm Livingstone core sediment slice for charcoal and pollen analysis (Figure 2 
D). For each core, 
14
C sampling locations were selected at two separate portions along the 
Livingstone core that were located at least 50 cm apart with a 10 cm maximum 
established in order to help constrain the dating range (Table 2). Next, the samples that 
were selected for dating were soaked in sodium hexametaphosphate ((NaPO3)6) to 
disaggregate particles and left for 24 hours. After 24 hours the sediment was poured into 
a petri dish and plant macroremains identified and removed with the aid of a dissecting 
microscope and a pair of fine tweezers. Identification of plant material was aided by 
reference books (Martin and Barkley 1961; Lévesque et al. 1988) and through 
correspondence with Dr. A. Ali. If material could be confirmed as plant material it was 
included in the sample, otherwise it was discarded. Macroremains included needles, 
leaves, roots, seeds, wood and bark.  
 
 The isolated plant material was placed in an oven and dried at 40°C for 
approximately 48 hours. Dried macroremains were then weighed and failure to obtain the 
required minimum weight (>10 milligrams (mg)) resulted in processing of bulk 
sediments. The procedure for bulk sediment dating of Livingstone core sections entailed 
oven-drying 3-4 cm of bulk sediment and combining successive sediment slices until at 
least two grams were obtained, which is the minimum weight required for this type of 
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Table 2: Radiocarbon (
14
C) summary table for AMS dating. Reported ages and standard 
deviation were determined on Livingstone cores using the Calib computer software. 
Dating attempts with potentially unreliable dates and that were subsequently re-dated are 
indicated by 
a
 and a 
14
C dating attempt on a KB sample is indicated by 
b
. 
Site and 
Depth (cm) 
Age BP 
(Conv.) 
13C:12C 
Ratio 
(%) 
Cal. BP 
(2σ) 
Material Reference 
M14      
60-63
a
  650+/-30 -19.5 720-660 Macroremains Beta-365469 
 
100-106
a
 560+/-30 -24.0 650-530 Macroremains Beta-365470 
 
40-43
b 
350+/-30 -24.3 500-310 Macroremains Beta-373078 
48-51 530+/-30 -26.0 555-515 Macroremains Beta-373079 
128-133 1240+/-30 -25.8 1270-1070 Macroremains Beta-373080 
M15      
51-61 780+/-30 -18.7 740-670 Macroremains Beta-360844 
91-101 1300+/-30 -29.2 1290-1180 Macroremains Beta-360845 
M16      
55-62
a
 1830 +/- 30 
 
-31.2 1600-1420 Macroremains Beta-365471 
 
95-103
a
 1640 +/- 30 
 
-34.9 1860-1700 Macroremains Beta-365472 
 
32-35 1040+/-30 -31.2 980-925 Gyttja Beta-373081 
102-105 1640+/-30 -29.1 1605-1520 Macroremains Beta-373082 
M34      
35-37 670+/-30 -29.8 670-560 Gyttja Beta-365473 
O4      
59-61 1760+/-30 -33.7 1729-1573 Gyttja Beta-365474 
99-101 2530+/-30 -30.6 2740-2490 Gyttja Beta-365475 
O6      
62-64 1460+/-30 -30.5 1400-1300 Gyttja Beta-360846 
100-102 2080+/-30 -23.0 2130-1950 Macroremains Beta-360847 
O14      
66-68 1670+/-30 -30.7 1690-1520 Gyttja Beta-360848 
96-106 2270+/-30 -27.3 2350-2160 Macroremains Beta-360849 
O15      
46-56 1840+/-30 -25.5 1860-1710 Macroremains Beta-360850 
86-96 2360+/-30 -24.7 2430-2340 Macroremains Beta-360851 
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dating (Björk and Wohlfarth 2001). For each lake at least two 
14
C samples were prepared 
for dating except for Lake M34 which only had one 
14
C sample that was obtained from 
the KB core as the Livingstone ‘A’ core was unable to be extracted due to the fluidity of 
the sediment (Table 2). Lakes M14 and M16 had a total of five and four 
14
C samples, 
respectively, as a result of resubmission of additional samples in order to resolve dating 
issues from the initial submission.   
 
 The dating (
210
Pb and 
14
C) of the sediment allowed the development of age-depth 
models that provided a date of deposition for each centimeter of sediment. The age-depth 
models first required the measured radiocarbon dates to be calibrated using the program 
CALIB 7.0 (Stuiver and Reimer 1993) based on IntCal13 (Reimer et al. 2013). 
Calibration between the measured radiocarbon dates and calibration datasets of known 
14
C concentrations, obtained from tree-rings and sedimentary rocks, is necessary to 
convert the radiocarbon sample dates to calendar years BP. Following calibration, age-
depth models were developed using the MCAgeDepth 0.1 computer program in which 
Monte Carlo simulations generated probability age distributions based on 
210
Pb and 
14
C 
information (Higuera 2008). The age-depth model for each of the eight lakes was 
calculated using 1000 Monte Carlo simulations with the parameters set as follows: a 
natural cubic spline with stiffness set at 0.05; an alpha value of 0.05 to generate 
confidence intervals; a fixed depth of 150 cm; and a variable time span that was 
dependant on the calibrated age. The final output of the model provided dates for each 
centimeter based on the initial dates and depths from the 
210
Pb and 
14
C samples. In 
addition, sediment accumulation rates (cm yr
-1
) were provided and represented the 
amount of sediment accumulated in a given year, calculated by dividing a given 
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centimeter by the number of years represented by that centimeter (sample resolution). 
The CALIB and MCAgeDepth programs are widely used in paleoecology (Ali et al. 
2009b; Higuera et al. 2011; Brossier et al. 2014) and are freely available online 
(http://calib.qub.ac.uk/calib/, https://code.google.com/p/mcagedepth/).  
 
 2.2.3.3 Charcoal particle extraction, measurement and morphology 
 The analysis of the local charcoal record began with sub-sampling 1 cm
3
 from the 
homogenized KB core sediment slice and from the middle of each Livingstone core 
sediment slice (1 cm thick), and the sub-sample placed into pre-labelled polypropylene 
hinge topped vials (Figure 2 D). Sub-sampling of the 1 cm
3
 was aided by a micropipette 
for sampling fluid sediments and a specialized brass volumetric tool for sampling the 
solid sediments (Figure 2 D). The sediment in the vials was treated with a 5 percent 
sodium hexametaphosphate ((NaPO3)6) and 6 percent sodium hypochlorite solution to 
deflocculate aggregates and bleach non-charcoal material, respectively (Ali et al. 2008). 
The vials were left for 48 hours with the sediment kept in suspension on a shake table set 
at the minimum setting (Figure 2 E). After 48 hours the sediment was gently wet sieved 
through a 160 µm nylon mesh (Figure 2 F-J) in order to retain charcoal particles >160 µm 
(Ali et al. 2008). In this study only charcoal particles >160 µm in size were retained 
based on empirical evidence that charcoal particles above this size class represent local 
fires occurring within the watershed while excluding records of fires that occurred tens to 
hundreds of kilometers away (Whitlock and Millspaugh 1996; Whitlock and Larsen 
2001; Higuera et al. 2007). 
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 Following wet sieving, a section of laminated graph paper was placed on the 
bottom of the sieve to facilitate identification of charcoal particles and image capture. For 
each 1 cm
3
 of sediment processed, images of every charcoal particle on the sieve were 
captured at 20X magnification using a Nikon DS-FI1 digital camera attached to a Nikon 
Eclipse 200 dissecting microscope connected to a computer with the NIS Elements Basic 
Research Imaging Software 3.0 (Nikon Instruments Inc. 2008). For each sample, the 
sieve was visually scanned following the grid lines and images captured of identified 
charcoal particles. Charcoal was identified based on colour and, when in doubt, particles 
were tested for fragility by attempting to break them with a dissecting probe (Whitlock 
and Larsen 2001). When this procedure was used, the image was frozen prior to breaking 
particles in order to retain the original structure in the event that the particle was 
confirmed as charcoal. All images were labelled with the Lake ID, sample depth, image 
number and number of charcoal particles contained within each image as part of the 
quality control protocol. In total, charcoal particle extraction from 976 1 cm
3
 subsamples 
yielded in 13,752 images and 27,582 identified pieces of charcoal from the eight lakes 
(Appendix XI). 
  
 Following image acquisition the next step was to measure individual charcoal 
particles from the captured images (Figure 2 F). The charcoal images were imported into 
NIS Elements where a wide variety of variables could be measured including Area, 
Perimeter, Length, Width, Length over Width, Width over Length, Maxferet (largest 
value of a set of diameters), Maxferet90 (largest value of a set of diameters at 90° of 
MaxFeret), Minferet (minimal value of a set of diameters), Circularity (how close it 
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approximated a circle), Elongation (ratio of Minferet to Maxferet), Linelength (length of 
an elongated object), and Shapefactor (roughness of an object). To facilitate automation 
of the measurement process a macro was developed within the program that enhanced the 
contrast between the charcoal particles and the surrounding background. All charcoal 
measurements were conducted by one of three people. In order to ensure quality control 
each person was trained through a series of sample images designed to span the range of 
difficulty inherent in charcoal identification and image quality. Measurement and 
identification uncertainties encountered by any of the people measuring were addressed 
through consultation until a consensus could be reached.  
 
The measurement data pertaining to each charcoal particle was exported to an 
Excel spreadsheet where the charcoal measurements were merged to obtain the charcoal 
record per centimeter for each lake. Exploratory analysis of the charcoal measurements 
were then undertaken based on the charcoal area and count in order to facilitate 
comparison to the existing literature as these are the two most commonly examined 
parameters (Carcaillet et al. 2001a; Ali et al. 2008; Ali et al. 2009a; Brossier et al. 2014). 
Robust Scale regression was employed to examine the relation between charcoal count 
and area per cm, taking into account the effect of potential outliers which were estimated 
and removed using the scale-estimation procedure in Systat 12 (Systat Software Inc. 
2008). The parameters used to estimate outliers in the Scale-regression were a cutoff of 
five (residual that is > five standard deviations from regression) based on the 95 percent 
confidence intervals. Although a cutoff based on three standard deviations is the standard 
in regression statistics (Gotelli and Ellison 2004), a conservative cutoff of five was 
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selected to only remove the most extreme outliers from the regression. The exploratory 
regression analysis revealed that charcoal area and count had a highly significant 
(p<0.001) relationship (r-square=0.35-0.93) with a large charcoal particle area generally 
corresponding to a high number of charcoal particles (Appendix XII). Situations where a 
1 cm
3
 sample had a large charcoal area but a low charcoal count (ex: Lake M16) may be 
indicative of a fire event that occurred very close to the shore as empirical results 
indicated these large particles are generally transported a short distance (Clark et al. 
1998; Lynch et al. 2004a). In contrast, high charcoal count without an associated high 
charcoal area (ex: Lake O14) may indicate a fire event that occurred within 1 km of the 
lakeshore, however it has been reported that a high charcoal number may also result from 
the breakage of larger particles (Moos and Cumming 2012).  
 
Previous studies have shown that charcoal particles could be sub-divided into 
different morphotypes that could be indicative of long-term vegetation changes 
(Umbanhowar and Mcgrath 1998; Jensen et al. 2007; Aleman et al. 2013). For example, 
Aleman et al. (2013) examined the grass and wood component of lake sediment charcoal 
to determine changes in fuel type, land cover and land use over time. In this study, the 
classification of morphotypes began with visual identification of 300 grass-type 
(hereafter grass) and 300 wood-type (hereafter wood) particles from 450 images. 
Charcoal particles of the grass morphotype were characteristically long and slim (Figure 
2 G). A smaller subset of the grass morphotype was more rectangular in shape and had 
visible stomata, structural elements and parallel venation (Figure 2 H). Charcoal particles 
of the wood morphotype were characteristically wider and more round than the grass type 
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and included material of branch, leaf and stem origin (Figure 2 I-J). Although grass and 
wood morphotypes were generally easily distinguishable, confirmation of certain types 
was aided by consultation with reference material (Umbanhowar and Mcgrath 1998; 
Jensen et al. 2007; Aleman et al. 2013).  
 
Following selection of the 600 charcoal particles a classical linear discriminant 
analysis was undertaken with Systat 12 to determine which measurement variables 
obtained from NIS Elements could be used to accurately classify particles into their 
respective visually identified grass or wood group. The discriminant analysis was run 
using a forward stepwise selection with alpha-to-enter of 0.05 and alpha-to-remove of 
0.1. Of the initial measurement variables (Area, Perimeter, Length, Width, Length over 
Width, Width over Length, Maxferet, Maxferet90, Minferet, Circularity, Elongation, 
Linelength, Shapefactor) it was found that eight variables (Area, Perimeter, Width over 
Length, Minferet, Elongation, Length over Width, Width and Maxferet) were able to 
correctly classify 90 percent of the charcoal particles and so the other variables were 
excluded from further analysis. 
 
 Following the visual identification and classification of the 300 grass and 300 
wood particles a multinomial logistic regression model was developed within Systat 12 
that could be applied to classify all remaining charcoal particles as either wood or grass 
morphotypes. The model was developed using the independent variables identified from 
the discriminant analysis (Area, Perimeter, Width/Length, Minferet, Elongation, 
Length/Width, Width, and Maxferet). During the development of the model a forward 
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stepwise procedure was used to determine the minimum number of variables that best 
classified grass and wood charcoal based on the maximization of Akaike’s Information 
Criterion (AIC) values. Of the initial independent variables, the final model was based on 
the charcoal measurement variables of Width over Length, Minferet, Elongation and 
Perimeter (Table 3). Every charcoal particle for each lake was then classified as either 
grass or wood morphotype using the equation;  
 
Morphotype = (WoL*5.451) + (Minferet*-0.024) + (Elongation*0.272) +  
(Perimeter*0.001) + 0.407 
 
 The classification procedure from the model resulted in grass particles (Group 1) 
represented as positive values and wood particles (Group 2) represented as negative 
values. Attributing a charcoal particle to a particular class enabled the separation of 
measurement variables obtained for each centimeter into the relative contribution from 
grass and wood. Both the grass and wood contribution to the charcoal record were 
converted to a ratio by dividing each by the total charcoal area for a particular centimeter. 
Of the two ratios, the wood contribution divided by the total charcoal area was used for 
all graphing and analysis. 
 
 2.2.3.4 Merging sediment cores and general procedure for converting raw 
charcoal data to charcoal accumulation rate (CHAR) 
The next step in the analysis was to merge the charcoal data from the KB and 
Livingstone cores into one continuous record for each lake. This was undertaken by 
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Table 3: Multinomial logistic model results for determining the wood and grass 
morphotype component of the charcoal record. Each group was based on 300 charcoal 
particles obtained from 450 images. The variables comprising the final model are width 
over length (WOL), minferet (shortest measured axis), elongation and perimeter. Group 1 
represents grass particles and Group 2 represents wood particles.  
Variable Estimate 
Group 1 
Mean 
Group 2 
Mean 
Standard 
error 
z-ratio 
p-value 
WOL 5.451 0.037 0.089 2.483 2.195 0.028 
Minferet -0.024 85.73 309.87 0.005 -5.012 0.000 
Elongation 0272 9.756 3.109 0.091 2.974 0.003 
Perimeter 0.001 2090.23 3025.26 0.000 2.786 0.005 
Constant 0.407 - - 0.793 0.513 0.608 
       
Model χ2 -415.888 P<0.000     
R
2
 0.757      
n= 600      
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examining the pattern of charcoal area and number contained within the KB and 
Livingstone cores and determining the best overlapping position (Ali et al. 2009a). The 
procedure for merging cores into a continuous record entailed plotting the KB and 
Livingstone core on separate graphs based on the initial overlap established in the field 
and determining if the data needed to be adjusted relative to each other based on the 
pattern of charcoal deposition (Appendix XIII). This procedure revealed that charcoal 
count was better suited than charcoal area for determining the best overlap, however both 
were retained here to illustrate the procedure. Once it was established how much the data 
should be shifted, the entire length of the KB was kept (because KB had more robust 
dating by 
210
Pb) and the Livingstone core adjusted, with overlapping Livingstone data 
dropped, producing a continuous record from the two merged datasets. It was often 
observed that the KB core contained lower amounts of charcoal compared to the 
Livingstone core and was attributed to differential sediment compaction resulting from 
natural processes and sampling effects that led to more charcoal per centimeter in 
Livingstone cores due to lower sample resolution at greater depths (Glew et al. 2001).  
 
 Following the merging of the data into a continuous record the identification of 
fire events from charcoal contained within the lake sediments required conversion of raw 
charcoal data (e.g. mm
2
cm
-1
; Figure 3 A-B) to charcoal accumulation rate (CHAR; 
mm
2
cm
-2
year
-1
; Figure 3 C-E). The general sequence of data transformation from raw 
charcoal to charcoal accumulation rate (CHAR) is discussed here, illustrated in Figure 3 
A-E, and detailed procedures presented. Charcoal analysis first involved obtaining 
charcoal measurements for each centimeter (Figure 3 A). Next, the date of deposition, 
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Figure 3: The procedure for converting raw charcoal measurements to CHAR for Lake 
O14. The figure shows the charcoal measurements per centimeter (A), the same 
measurements following date allocation from age-depth models (B), manually calculated 
CHAR (charcoal area * sediment accumulation rate) (C) and the interpolated CHAR 
(Cinterpolated) for the recent sequence (D) and entire sequence (E). The recent (D) and entire 
(E) record is interpolated to 11 and 22 year time steps, respectively, based on the median 
resolution of the charcoal series for this lake. The low frequency variation in CHAR 
(Cbackground) is represented as values below the line determined using a 300 year 
smoothing window. The peak CHAR component (Cpeak) is represented by values above 
the line. The CHAR peaks that were identified as significant, based on the 99 percent 
confidence intervals, are indicated by the black squares.
A 
B 
C 
D 
E 
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determined from the MCAgeDepth model, was attributed to each centimeter (Figure 3 B). 
Dating resulted in a charcoal redistribution compared to depth because of different 
temporal resolution for each centimeter of sediments (Figure 3 A-B). The CHAR was 
then calculated manually by multiplying the sedimentation rate obtained from the 
MCAgeDepth model by the raw charcoal area (mm
2
cm
-1
) measurements (Figure 3 C). 
This allowed a better understanding of the automatic procedure performed by the 
CHARAnalysis program. Finally, sediment detrending from CHARAnalysis (Cinterpolated, 
Cbackground, Cpeak) is depicted (Figure 3 D-E). Detrending began with the conversion of the 
charcoal record to equal time steps (Cinterpolated) based on the median sample resolution of 
the charcoal series. Brossier et al. (2014) reported that the median resolution based on the 
recent sediment (~300 years; Figure 3 D) or the entire sequence (Figure 3 E) can produce 
different CHAR distributions and so both are presented here, with a respective median 
age of 11 and 22 years. The interpolation results in some redistribution of the CHAR  
record (Figure 3 D-E) compared to manual calculation of CHAR (Figure 3 C). From 
Cinterpolated, the Cbackground could be estimated to remove low-frequency CHAR variability 
(Figure 3 D-E). Finally, CHAR peaks were isolated by removing the effects of Cbackground 
from the Cinterpolated series (Figure 3 D-E). The isolated CHAR peaks consist of a noise 
(Cnoise) and fire (Cfire) signal that is separated and significant peaks identified throughout 
the CHAR sequence (Figure 3 D-E).  
 
 2.2.3.5 Analysis of CHAR and identification of fires through peak analysis 
 For each of the eight lakes, the CHAR series was interpolated (Cinterpolated) to equal 
time steps, containing a low frequency (Cbackground) and a high frequency (Cpeak) 
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component (Higuera et al. 2010; Brossier et al. 2014). The entire CHAR series was 
interpolated using the median sample resolution given by the recent sediment as 
determined by the length of the tree-ring record (1670-2010; ex: Figure 3 D). Each lake 
thus had a unique median age determined (Lake M14=9, M15=11, M13=9, O4=12, 
O6=8, O14=11, O15=10 years) for the recent period (1670-2010) that was calculated 
using the time span covered by each centimeter of sediment. The use of the median age 
derived from the most recent 300 years (1670-2010) and applied to the entire record was 
based on results by Brossier et al. (2014) who reported that the interpolation based on the 
temporal resolution of the recent charcoal sequence (in their case ~150 years) provided 
the best fit with the tree-ring fire record.  
 
 After determining the Cinterpolated series for each lake, separation of Cpeak from 
Cbackground was required to identify fire events. To this end, the Cbackground component was 
modelled for each lake using a Lowess smoother robust to outliers with a 300 year 
smoothing window. We used a smoothing window width of 300 years based on reports 
by Brossier et al. (2014) that a 300 year window provided comparable results to longer 
window widths that are commonly used (Ali et al. 2008; Higuera et al. 2010; Senici et al. 
2013), thus enabling comparison with other studies. Brossier et al. (2014) also reported 
that using a shorter smoothing window width (100 years) resulted in a low Signal to 
Noise Index (SNI). The Cpeak component was then calculated by subtracting Cbackground 
from Cinterpolated (Cinterpolated - Cbackground; Figure 3 D-E). The isolated Cpeak contains a Cnoise 
and a Cfire component representing sediment mixing, sampling error and naturally 
occurring variation over time, and charcoal peaks from local fires, respectively (Kelly et 
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al. 2011; Brossier et al. 2014). The Cnoise distribution was calculated using a locally 
defined Gaussian mixture model (Higuera et al. 2010; Brossier et al. 2014). Thresholds 
for peak detection were calculated for the 95
th
, 99
th
 and 99.9
th
 percentile to separate Cnoise 
into a fire (Cfire) and non-fire component with the 99
th
 percentile used to identify 
significant charcoal peaks in the charcoal record and to reconstruct the fire histories 
within the study area. The final determination of the peak analysis parameters were based 
on maximization of the signal to noise (SNI) index (typically >3) and goodness of fit 
(GOF; p<0.05) (Kelly et al. 2011; Brossier et al. 2014). A p-value >0.05 from the GOF 
analysis suggests that empirical and modelled Cnoise populations are from the same 
distribution (Brossier et al. 2014).  
 
 In this study, the analysis of the entire CHAR sequence was used to 1) compare 
peak identification with the tree-ring record of fire history and 2) analyse changes in the 
fire regime recorded in the upper sediment of each lake [minimum of 0.4 m representing 
approximately 700 years (Lake M34); maximum of 1.5 m representing approximately 
2,500 years (Lake O4)]. The CHAR procedure was specific to the unique temporal 
resolution of the recent sediments for each lake selected based on the length of the tree-
ring record (1670-2010). The analysis of the charcoal record was also sub-divided into 
five periods; pre-MCA (<900 CE); MCA-LIA (900-1200 CE); end of MCA to beginning 
of LIA (1200-1400 CE); LIA (1400-1850 CE); and post-LIA (1850-present) in order to 
obtain additional fire frequency statistics from CHARAnalysis. This approach provided 
an analysis of changes to the fire free interval (FFI) over time within these widely 
reported periods of climatic variability. Analysis of the CHAR with and without 
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subdivisions provided the same results, but returned different summary statistics. All 
statistical treatments were conducted with CHARAnalysis 1.1 (Higuera 2009, 
http://sites.google.com/site/charanalysis/).  
 
 2.2.4 Tree-ring records: field sampling and laboratory work 
 2.2.4.1 Collection of tree-ring records 
 In the summer of 2012 and 2013, the eight lakes (Figure 1; Appendix I-IX) were 
visited to collect the tree-ring record for fire history reconstruction. Prior to tree-ring 
sampling, the fire history and forest resource inventory information was obtained from 
the Manitoba Land Initiative (MLI) and Land Information Ontario (LIO) data 
warehouses, each providing a record from 1920 to present. There were three components 
to the tree-ring sampling: first, a systematic survey of the lake shore was done to obtain 
the tree-ring record immediately adjacent to the lake; second, a survey up to the 1 km 
limit from the shore was conducted to obtain the local tree-ring record; and third, a 
regional record of fire was obtained by sampling from between 1 to 20 km of the lake. To 
collect the local and regional record of fire each lake was divided into six equal portions 
(hereafter sectors) by drawing lines 1 km in length from their shoreline (Appendix II-IX). 
Samples collected within the 1 km limit of the lake comprised the local record and 
samples collected beyond 1 km comprised the regional record. Tree-ring sampling 
locations were informally pre-selected on Google Earth based on archival and FRI 
information, but final sample locations were selected based on “on-the-ground” 
observations. Pre-selection of sample locations favoured areas that were more likely to 
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retain past fire information such as around fire breaks, areas with particular topographical 
characteristics or vegetation transition areas.  
 
 The sampling of the tree-ring records followed standard methods with both cores 
and cross-sections collected (Heinselman 1973; Arno and Sneck 1977; Tardif 2004). The 
collection of samples had the aim of 1) determining the time-since-last-fire date (stand 
initiation age), 2) developing a fire scar event chronology and 3) developing long tree-
ring chronologies. The stand initiation age was largely determined from pioneer species, 
such as jack pine and trembling aspen. Jack pine and trembling aspen represented 68 and 
14 percent of all samples, respectively (Table 4) and the synchronous regeneration of 
these species following fire can provide the approximate date of a fire event (Dansereau 
and Bergeron 1993; Tardif 2004; Brassard and Chen 2006). Development of long tree-
ring and fire-scar chronologies from pioneer species were largely based on jack pine, as it 
was common around the lakes, is well adapted to regenerating after fire, can regenerate 
on the extensive areas of exposed rock of the study area, is susceptible to fire scarring, 
and is resistant to decay (Alexander 1981; Tardif 2004). At each lake tree-rings were 
collected within a site or a checkpoint and a record made of the GPS coordinates, 
elevation, number of samples collected, general forest structure, general soil 
characteristics, cardinal direction of fire scars, species composition, topography, and 
general comments. 
 
 Obtaining the stand initiation age for the local record around a lake (<1 km) was 
based on the establishment of a site for each species encountered. Tree-ring sampling 
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Table 4: Some characteristics of the tree-ring data collected for each lake. The number of 
sample locations represents either sites or checkpoints. Total number of trees represents a 
sampled tree that had either cores or a cross section removed. Chronology length and jack 
pine series intercorrelation represent the longest records and agreement between 
measurement series, respectively. Series intercorrelation was calculated within 
COFECHA. Samples per species represent the percent that each species contributed to 
the tree-ring record. 
 
 
Lake 
 
M14 M15 M16 M34 O4 O6 O14 O15 
Number of sample  
locations 
100 43 50 105 49 40 45 37 
Total number 
of trees 
381 135 273 275 218 176 246 190 
Jack pine chronology 
length 
1787-
2012 
1811-
2012 
1772-
2012 
1807-
2012 
1693-
2012 
1740-
2012 
1763-
2012 
1779-
2012 
Series intercorrelation 0.602 0.556 0.573 0.598 0.531 0.569 0.502 0.541 
Percent 
of 
samples 
per 
species 
Betula  
papyrifera 
2 2 <1 0 2 <1 3 1 
Larix  
laricina 
<1 0 0 0 0 0 0 3 
Picea  
glauca 
0 0 0 0 0 <1 3 <1 
Picea  
mariana 
37 3 3 5 0 4 5 12 
Pinus  
banksiana 
46 82 86 40 56 86 78 69 
Pinus  
resinosa 
1 0 0 0 26 2 <1 1 
Pinus  
strobus 
0 <1 0 0 4 4 0 0 
Populus  
tremuloides 
13 11 10 46 11 1 9 12 
Populus  
balsamifera 
0 0 0 0 1 0 <1 0 
Quercus  
macrocarpa 
0 0 0 9 0 0 0 0 
Abies  
balsamea 
0 <1 0 0 0 0 <1 <1 
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within a site required the collection of two cores from the base of at least ten living trees 
to obtain the earliest growth rings of the tree (pith). Within a checkpoint tree-ring 
sampling was based on the collection of two cores from the base of at least two living 
trees with the aim of verifying the forest age. Obtaining the forest age for the regional 
record (1 to 20 km) of each lake was based on removing two cores from at least 4 living 
trees at each regional sample site. In general, the two cores removed from each tree in a 
site, checkpoint and regional site were extracted at least 90 degrees apart and were stored 
in labelled plastic straws. Extraction of cores from paper birch involved removal of four 
cores due to the prevalence of missing rings in this species.  
 
 The development of longer tree-ring and fire-scar chronologies in sites, 
checkpoints and regional sites was based on the collection of samples from living fire 
scarred trees, dead snags and downed trees and logs (Arno and Sneck 1977; Dansereau 
and Bergeron 1993; Tardif 2004). Collection of fire scars from living trees entailed 
removal of a wedge that contained the scar and the pith if possible, whereas the collection 
of material from snags, downed trees and logs entailed removing a full cross-section. 
Within 1 km of the lake the age and structure of the forest was usually relatively 
homogeneous and so the majority of checkpoints were associated with areas where fire 
scars were sampled. Checkpoints that were based on fire scar samples usually had similar 
forest characteristics as earlier sample locations and so often only the fire scar was 
collected with a record of GPS coordinates, elevation, list of samples obtained and a note 
made to reference an earlier site for forest and landscape conditions. All cross-sections 
were labelled and brought back to the laboratory for further processing.  
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 2.2.4.2 Sample preparation and data collection 
 In the laboratory, the preparation and analysis of the dendrochronological samples 
followed standard methods (Arno and Sneck 1977; Tardif 2004; Speer 2010). The tree 
cores were first mounted on labelled wood moulding and allowed to dry for several days. 
The cores were secured to the moulding with tape and warping was prevented by 
applying weight. Once dry, all of the samples were sanded using a progression of 
sandpaper grits, beginning with 80 and ending with 600, so as to enhance the tree-rings. 
A similar procedure was applied for cross-sections, however only fragile and broken 
sections were mounted on wood.  
 
 Following sanding, the samples were visually crossdated, beginning with the cores 
extracted from living trees, in order to establish a master chronology. The crossdating 
procedure followed a modified list method (Yamaguchi 1991) that entailed comparison 
of tree-ring widths and abnormal growth features across many samples, ensuring the 
accuracy of dating. Visual crossdating was also aided by existing chronologies previously 
developed from the laboratory (Tardif unpublished; Girardin et al. 2006c). The cross-
sections were also visually crossdated using the existing chronologies and the 
chronologies developed from the tree-cores. Crossdating of cross-sections also included 
identification and dating of scars, with fire scars identified based on field observations 
and scar morphology (Figure 2 K). During crossdating, internal fire scars that were 
hidden by wound closure were also identified based on similar growth characteristics as 
exposed fire scars. 
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 Following crossdating, measurement of tree-ring widths was undertaken to 
establish long master tree-ring width chronologies for the study area that could be used to 
validate the crossdating. Measurement of the tree-ring widths from cores and cross-
sections preferentially focussed on older samples and samples that would extend the ring-
width chronology. All tree-ring measurements were obtained to an accuracy of 0.01mm 
using a Velmex measuring table attached to a computer containing the J2X measuring 
software. Measured series were imported into COFECHA in order to statistically validate 
both measurement and crossdating of the samples through comparison of measured 
segments against the master chronology (Holmes 1983). The COFECHA program 
statistically examines the correlation between individual tree-ring series (50 year 
segments) against a reference chronology and also calculates the best statistical fit within 
a lag of -10 and +10 years. All cross-dating, chronology development, fire scar 
identification, measurements and analysis were done in collaboration with F. Conciatori. 
 
 Prior to determination of the stand initiation date of each sampling site/checkpoint, 
the number of years to the tree-centre (pith) was estimated for samples missing the pith 
(Figure 2 K). The pith estimation protocol was developed with Dr. J. Tardif and was 
facilitated by overlaying each sample with embedded concentric circles (targets) printed 
onto transparency film (Figure 2 K). Tree-ring samples that contained sufficient ring arc 
for the innermost complete ring were first overlaid with the transparency paper and the 
target that best matched the curve identified. Second, the distance between the latewood 
of the innermost (incomplete) ring and the predicted centre (pith) of the tree was 
 70 
 
measured using a digital caliper. Third, a database of average ring-width measurements 
was constructed from samples that contained the pith for each species. Within the 
database, the pith year of each sample was set to zero and the width of the first year (and 
each subsequent year) from each sample was averaged together. As an example, suppose 
the tenth year of growth was measured to be an average of five centimeters from the pith; 
then if a sample without the pith was estimated to be five centimeters from the pith it 
would have 10 years added to its inside date. To assess the accuracy of the pith 
estimation procedure, measurements were periodically obtained for trees that contained 
one core with the pith and one core without to ensure that the estimation procedure 
correctly predicted the pith age. Of the 1592 trees used in this project, 859 (54%) had 
their pith estimated. For the trees that required pith estimation the average age adjustment 
was 7.6 years.  
 
 2.2.4.3 Data analysis 
In order to reconstruct the tree-ring fire history three datasets were used: stand 
initiation dates, fire scar dates, and regional jack pine ring-width chronology. The stand 
initiation database for each lake was largely obtained by assessing the regeneration date 
of pioneer species in even-aged forest stands (cohort). Brassard and Chen (2006) reported 
that shade intolerant pioneer species, such as jack pine, trembling aspen and paper birch 
are generally some of the first to colonize a post-fire area and quickly establish an even-
aged cohort. To establish the date of post-fire cohorts we dated the 1) origin of the living 
trees and 2) origin of the dead trees. This procedure allowed us to establish the date of 
stand initiation for the cohort originating from the most recent stand replacing fire (living 
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trees) as well as for cohorts originating from past fire events (dead trees). For each site 
and checkpoint, a stand initiation database was developed from the living and dead 
material. The age determination for a particular cohort was preferentially based on the 
oldest tree that provided a pith age. In the absence of a pith date the oldest estimated pith-
age of a cohort was taken as the time of regeneration. The stand initiation age data were 
then binned into 10 year age classes to obtain initiation dates for a given stand.  
 
For each lake, a fire-scar database was constructed by recording the date of every 
scar within a sample and the approximate season (position in ring) of burn (dormant 
period, the earlywood, or the latewood). Fire scars recorded in the dormant period were 
attributed to a spring fire as opposed to the fall of the previous year because of the higher 
prevalence of spring fires in the boreal forest (Fauria and Johnson 2008). Fire scars 
attributable to severe fire years were the easiest to identify based on classic morphology 
and location in multiple sites and checkpoints. A number of scars were recorded around 
each lake where the cause was not certain and were often observed as additional scars on 
an earlier fire scar. Erring on the side of caution resulted in scars of uncertain origin to be 
excluded from the final analysis.  
 
In this study a regional standard chronology was developed from the ring-width 
measurements of all jack pine trees for each lake based on reports from Girardin and 
Tardif (2005) that revealed drought conditions negatively impacted jack pine ring-width. 
In turn, drought conditions were often conducive to the occurrence of fire (Girardin et al. 
2004a). Therefore, periods of growth suppression identified in the jack pine ring-width 
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chronology can be examined to provide additional support for identified fire events. For 
the chronology construction, it is necessary to remove age/size related growth trends 
(Girardin et al. 2006b; Girardin and Sauchyn 2008). In this project, the jack pine tree-ring 
widths for each lake were standardized using a cubic smoothing spline calculated from 66 
percent of the series length with a 50 percent frequency response (Girardin et al. 2006b; 
Girardin and Sauchyn 2008). Standardization of the tree-rings was undertaken using the 
ARSTAN 41d computer program (Cook and Holmes 1999). The standardized chronology 
was fitted with a 25 year running average smoother in Sigmaplot 11 (Systat Software Inc. 
2008) to help decipher variability in the data. Data from the Canadian Drought Code 
(CDC) from Girardin et al. (2006b) was also obtained in order to examine the tree-ring 
records against moisture availability. 
 
2.2.5 Comparing tree-ring and lake sediment fire history 
The fire history derived from tree-ring data and lake sediment charcoal data were 
compared following two strategies. The first strategy was to examine the regional record 
of fire by combining the fire history data from all eight lakes into a single LWE dataset 
for each of the following components: stand initiation, ring width, fire scar and charcoal 
record. The development of the regional tree-ring fire record was done in three stages: 
first the stand initiation distribution for each lake was averaged after standardization to 
remove the influence of differential sample sizes; second, a LWE standardized ring-width 
chronology was developed for jack pine trees from the entire study area; third, fire scar 
dates obtained for each site and checkpoint were combined to obtain the frequency across 
the study area; fourth, was to transform the CHAR record using the standard composite 
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approach outlined in Power et al. (2008), Marlon et al. (2008) and Blarquez et al. (2014) 
to examine CHAR regionally. Briefly, CHAR was rescaled using a minimax 
transformation, variance was homogenized using the Box-Cox transformation followed 
by transformation into Z-scores, and smoothed using a Lowess smoother (Blarquez et al. 
2014). The short-term record was obtained using the pftransform command which bins 
data for rescaling and transformations, whereas the long-term record was obtained using 
the pftransformLF command that bins the data and smooths it using a predetermined 
window width (500 years in this project) during rescaling and transformations. The 
transformation was undertaken using the paleofire package in the RStudio (2014) 
application for R 3.0.2 (Blarquez et al. 2014; R Core Team 2014). 
 
The second strategy for comparing the tree-ring and lake sediment charcoal 
record of fire was to examine the records for each lake individually to identify regional 
variability. Two approaches were developed with one based on examining the tree-ring 
record in relation to the distance from the lake edge (<500 m, 500 m-1 km, >1 km) and 
the other approach based on the representation of the samples around the lake (sector 1-
6). The development of the charcoal record of fire for each lake consisted of three steps; 
interpolate the CHAR record (Cinterpolated) to equal time steps based on the unique median 
temporal resolution for the recent sediments for each lake; isolate the background 
(Cbackground) and peak (Cpeak) component from Cinterpolated; differentiate significant CHAR 
peaks from noise based on the 99 percent confidence intervals.  
 
2.2.6 Long-term fire history reconstruction from lake sediment charcoal 
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 To compare the variability of fire in the LWE over the last millennia, two 
strategies were pursued. The first strategy was to examine the identified fire events 
(peaks) and fire-free intervals (FFI) from CHARAnalysis for the entire record and 
between five periods; pre-MCA (<900 CE); MCA-LIA (900-1200 CE); end of MCA to 
beginning of LIA (1200-1400 CE); LIA (1400-1850 CE); and post-LIA (1850-present). 
The establishment of the five periods was justified based on findings that the climate of 
central North America has been variable over time, particularly during the MCA (Laird et 
al. 2012) and during the LIA (Laird et al. 2003). Based on the work by Ali et al. (2009b) 
and Brossier et al. (2014) the fire histories of the lakes were compared using median fire 
free intervals (mFFI) with the non-parametric two-sample Mann-Whitney U test and 
examine the long-term FFI distributions (FFId) using the non-parametric Kolmogorov-
Smirnov test. The second strategy was to examine changes to the relative proportion of 
grass and wood charcoal within the charcoal record over time. Variability in the relative 
contribution of grass and wood charcoal to the record could provide additional 
information as to how the interaction between climate and vegetation potentially 
contributed to changes in the fire regime (Umbanhowar and Mcgrath 1998; Jensen et al. 
2007; Aleman et al. 2013). Based on the work by Jensen et al. (2007) a decrease in 
charcoal of grass morphotype will be interpreted as either a shift from lower severity 
surface fires to higher severity crown fires or a shift towards forest closure. 
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2.3 Results 
2.3.1 Dating and chronological settings 
The age-depth model developed for each lake revealed similar sediment 
depositional trends as indicated by the relative 
210
Pb and 
14
C activity (Appendix XIV; 
Figure 4). Dating based on 
210
Pb activity also revealed that the recent rate of sediment 
deposition within a lake was relatively uniform over time (Figure 4). A high level of 
210
Pb decay (Bq/kg) was initially observed in the recent sediments that decreased as the 
unsupported (atmospheric fraction) approached the supported (in situ) fraction (Appendix 
XIV). This decrease resulted in larger confidence intervals for deeper sediments from the 
decreasing ability to differentiate the unsupported and supported 
210
Pb fractions (Figure 
4). Poorer dating accuracy for deeper 
210
Pb samples may have contributed to the abrupt 
change in sedimentation for 
14
C dated samples for most lakes. The level of 
210
Pb decay 
where the supported and unsupported fractions were no longer able to be differentiated 
within a particular lake occurred between 77 and 379 Bq/kg (Lake O6 and M34, 
respectively). 
 
The long-term rate of sediment deposition, determined based on 
210
Pb and 
14
C 
dates, confirmed that sedimentation was relatively uniform over time for most lakes with 
the exception of Lake O15 that appeared to have a period of increased deposition 
between 2500-2000 BP (see Table 2; Figure 4). A slope change at the transition from 
210
Pb to 
14
C dated sediments was also commonly observed within lakes indicating that 
sedimentation was faster for the KB core compared to the Livingstone core. Each lake 
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Figure 4: Age-depth models for the eight lakes. The main figure shows the age-depth 
model based on the 
210
Pb and 
14
C isotope dates. The two sub-figures on the right show 
the sediment accumulation rate and corresponding sample resolution. Note the different 
scales on the axes. All age-depth modelling was performed using the MCAgeDepth 
computer program (Higuera 2009). 
M16 
M15 
M14 
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Figure 4 Continued. 
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Figure 4 Continued. 
O14 
O15 
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contained at least two 
14
C dates except Lake M34 which had only one 
14
C date because of 
the sediment gap during field sampling (see Table 2; Figure 4). Although Lake M16 had 
more than one 
14
C date, the record was truncated at 50 cm because of an apparent period 
of sediment mixing approximately 1,500 years ago. Similarly, Lake M14 had two 
14
C 
dates excluded based on additional dating that better fit the expected profile. The lakes 
from Manitoba generally had a faster sedimentation rate compared to Ontario lakes, as 
indicated by the respective shorter and longer timespan contained within the upper 1.5 m 
of sediment. For example, at 100 cm depth, Lake M15 was dated to approximately 1250 
BP (700 CE) compared to 2000 BP (50 BCE) for Lake O6 (see Table 2; Figure 4). 
 
 2.3.2 Recent fire history of the central Lake of the Woods Ecoregion 
 2.3.2.1 Archival record 
 The  archival records for the recent period indicated that large fires have occurred 
throughout the Lake of the Woods Ecoregion (hereafter LWE) in almost every decade 
since systematic recording began in the 1920’s (Figure 5; Appendix XV). In the 
Manitoba portion of the study area, the archival record indicated no local (within 1 km) 
large fires for any of the four study lakes since 1920 (Figure 5; Appendix XV; Table 5). 
Within Manitoba, the closest large archival fire event to a lake occurred in 1952 for Lake 
M34 and 1956 for Lake M14 (approximate distance of 2 km and 5 km, respectively) and 
2002 for Lake M15 and Lake M16 (approximate distance of 2.5 km and 3.5 km, 
respectively). The size of the fires recorded near these lakes in the 1950’s and 2000’s was 
small compared to other fires within the archival record (Figure 5; Appendix XV). In the 
Ontario portion of the study area large fires (>200 ha) in the archival record were 
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 Figure 5: The historical record of fires that occurred since 1920 in the study area. The 
Ontario record only contains fires >200 ha in size, whereas the Manitoba record contains 
all recorded fires regardless of size. Data were obtained from the Manitoba and Ontario 
provincial fire database. The study lakes are indicated by the black stars. The extent of 
Whiteshell Provincial Park (WPP) is shown by the grey shading.
O15 O14 
O6 
O4 M15 
M16 
M14 
M34 
  
 
Table 5: Archival and associated tree-ring fire records for the eight lakes. For each fire date the presence of an archival record is 
indicated (Y=yes, N=no), as well as whether a fire scar was identified (Y) or not (N) along with the percentage of the stand initiation 
(SI) recorded. The asterisk (*) denotes fires that were identified within 1 km whereas the plus sign (+) indicates stand initiation that 
may represent more than one fire. For example, the 1805 fire around Lake M14 did not contain an archival record (N), but there was a 
fire scar (Y) and two percent of total stand initiation (2), both of which were observed within 1 km of the lake (*). The archival record 
for each lake represents fires (>200 ha) that occurred within 1 km of the lake, or the closest fire (>200 ha) if no archival fire was 
recorded within 1 km. Fire events identified through fire scars and stand initiation include those recorded at any distance.  
Fire  
Date 
Archival 
Record 
M14 M15 M16 M34 O4 O6 O14 O15 
Scar (SI) Scar (SI) Scar (SI) Scar (SI) Scar (SI) Scar (SI) Scar (SI) Scar (SI) 
1756 N - - - - Y (4) - - - 
1805 N Y* (2*) - - - - Y* (10*) - Y* (32*) 
1820 N - - - - - - - Y* (35*+) 
1840 N - - - Y* (15*) Y* (12*+) Y* (5+) Y* (60*) - 
1842 N - - - - Y (12*+) Y (5+) - - 
1863 N Y* (1*) Y (14*) Y (2*) - Y* (51*) Y* (11*) - - 
1881 N - - Y (16*) - - - - - 
1886 N - Y (23*) - - - - - - 
1888 N - - - - Y* (39*+) - - - 
1894 N - - - - Y* (55*+) Y (68*) - - 
1906 N - Y (63*) - - - - - - 
1917 N - - - - Y* (16*) - - - 
1926 N - - Y (32*+) - - - - - 
1930 N - - Y* (32*+) - - Y (5*+) - - 
1932 N - - - - - Y* (5*+) - - 
1936 N Y* (4*) - - - - - - - 
1949   Y* - - - - - - - Y (27*) 
1951 N - - - - - - Y (16*) - 
1952 Y - - - N (19*) - - - - 
1956 Y N (5*) - - - - - - - 
1977 N - - Y* (0) - - - - - 
1980   Y* - - - - - - Y* (24*) - 
1989   Y* - - - - N (0) N (0) - N (14*) 
2002 Y - N (0) N (0) - - - - - 
Note: The 1949 archival and fire scar record was interpreted as a late season 1948 fire occurring after tree growth had ceased.
8
1
 
 82 
 
recorded within 1 km of Lake O15 in 1948 and 1989, of Lake O14 in 1980, and of Lake 
O4 in 1989 (Figure 5; Appendix XV; Table 5). In relation to the size of the fires that 
occurred around the lakes, the 1989 fire burned approximately 22,600 ha, the 1980 fire 
burned 3,900 ha, and the 1948 fire burned about 900 ha. The closest recorded fire to Lake 
O6 was the 1989 fire located 4 km to the west. A large fire in 1976 also burned 
approximately 6 km and 5 km away from Lake O4 and O6, respectively. For ELA 320 
and Northwest Lake, archival fire events >200 ha were recorded within 1 km of the lakes 
in 1929 and 1985, respectively (Appendix XV).  
 
 2.3.2.2 Tree-ring record 
In this project, 1592 trees sampled from 469 sampling locations were used to 
develop a tree-ring fire history from fire scars, stand initiation and ring-width 
measurements. Of the 469 sample locations, there was an average of 59 per lake with a 
minimum of 37 and a maximum of 105 (Table 4). The tree-ring record covered the last 
~350 years (1670-2010) with jack pine providing the longest record (eight lake 
chronology averaged 243 years) for each lake (Table 4; Figure 6). The fire history 
represented by stand initiation of trees (Figure 6A) was largely obtained from fire 
adapted species, such as jack pine and trembling aspen (Table 4). Similarly, the fire 
history reconstruction from fire-scarred trees (Figure 6B) was largely from jack pine, red 
pine or white pine samples collected from within 66 (14 percent) of the sample locations 
and represented by 133 (53 percent) of 253 scars found. From these 133 fire scars, 20 fire 
years were identified with 12 located within 1 km of the lakes (Figure 6B; Table 5). One 
hundred and twenty of the 253 scars that could not definitively be attributed to fire events 
 83 
 
 
R
in
g
 w
id
th
 
in
d
e
x
0.5
1.0
1.5
F
re
q
u
e
n
c
y
0
20
40
60
80
100
120
140
M14
M15
M16
M34
O4
O6
O14
O15
F
re
q
u
e
n
c
y
0
5
10
15
20
Year
1
6
7
0
1
6
8
0
1
6
9
0
1
7
0
0
1
7
1
0
1
7
2
0
1
7
3
0
1
7
4
0
1
7
5
0
1
7
6
0
1
7
7
0
1
7
8
0
1
7
9
0
1
8
0
0
1
8
1
0
1
8
2
0
1
8
3
0
1
8
4
0
1
8
5
0
1
8
6
0
1
8
7
0
1
8
8
0
1
8
9
0
1
9
0
0
1
9
1
0
1
9
2
0
1
9
3
0
1
9
4
0
1
9
5
0
1
9
6
0
1
9
7
0
1
9
8
0
1
9
9
0
2
0
0
0
2
0
1
0
2
0
2
0
C
h
a
rc
o
a
l 
in
d
e
x
-3
-2
-1
0
1
2
C
D
C
120
160
200
240
280
320
A
re
a
 b
u
rn
e
d
(M
 h
a
)
0
2e+5
4e+5
6e+5
8e+5
1e+6
S
a
m
p
le
 d
e
p
th
0
400
800
 
Figure 6: Composite stand initiation (A), fire scar frequency (B), standardized jack pine 
ring-width chronology (C), Canadian Drought Code (CDC) for the Boreal Plains 
(Girardin et al. 2006c) record (D), reconstructed Area Burned for the boreal forest of 
North America (Girardin 2007) record (E) and composite CHAR for the study region (F). 
The stand initiation data (A) represent 10 year classes (ex. 1890 = 1890-1899) and were 
standardized to 100 percent for each lake. The black triangles represent the fires that were 
recorded in the archival record (1920-2010) within 1 km of the lakes. The red line in the 
ring width index (C), CDC (D), and Area Burned (E) were obtained by smoothing the 
data with a 10 year moving average. The blue line (C) represents the number of ring-
width measurements contributing to the tree-ring width index. For the composite CHAR 
(F) the solid line represents the CHAR index based on 20 year binning and the dashed 
lines represent the 95 percent confidence intervals.
A 
B 
C 
D 
F 
E 
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were omitted from the analysis. A jack pine ring-width index chronology was also 
examined as the association between reduced ring-widths and drought conditions enables 
annual growth to be a proxy for climatic conditions associated with fire and can support 
observations of fire from other records. Jack pine inter-series correlation of 0.497 
(specific lake value ranged between 0.502 and 0.602) confirmed that tree growth was 
largely influenced by common factors in our area (Table 4) and ring-width measurements 
from jack pine samples were used to construct a reference chronology for the most recent 
248 years (Table 4; Figure 6C).  
 
 The regional tree-ring fire history of the LWE was reconstructed by compositing 
the standardized stand initiation distribution (Figure 6A), fire scar dates (Figure 6B), and 
jack pine ring-width index chronology (Figure 6C) for the eight lakes. The comparison 
between the regional tree-ring record and the archival record revealed that archived fires 
occurring in 1948, 1952, 1956, 1980 and 1989 had corresponding tree-ring records (Table 
5). For example, the 1948 fire around Lake O15, the 1952 fire located 2 km to the south 
of Lake M34, and the 1956 fire located 5 km to the east of Lake M14 had a 
corresponding period of stand initiation in the 1950’s (Figure 6A; Table 5) and a reduced 
ring-width index (Figure 6C) for the fire events, with trees around Lake O15 also 
recording a fire scar (Figure 6B; Table 5). The decadal resolution of the stand initiation 
records, compared to the annual resolution of the fire scar and ring-width records, often 
resulted in a delayed response between fire events and their identification within the 
stand initiation data. Similarly, the 1980 archival record of fire around Lake O14 had a 
corresponding period of stand initiation in the 1980’s (Figure 6A; Table 5), a 
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corresponding fire scar dated to 1980 (Figure 6B; Table 5), and was also supported by a 
period of decreased ring-width index (Figure 6C). The 1989 fire around Lake O15 had a 
corresponding pulse of stand recruitment in the 1990’s (Figure 6A; Table 5), whereas the 
archived 1989 fire around Lake O4 and the 2002 fire around Lakes M15 and M16 did not 
contain an associated tree-ring record. However, it should be noted that in this study, a 
focus on obtaining older fire records means that stand initiation from more recent fire 
events, such as local fires in 1948, 1980, and 1989 were generally under-represented in 
the tree-ring record. Additional fire scar events recorded around Lake O14 in 1951 and 
Lake M16 in 1977 were each located in only one sample site and did not contain an 
associated archival record (Table 5). 
 
The stand initiation results revealed that tree recruitment occurred for almost 
every decade throughout the entire record (Figure 6A). Major periods of stand initiation 
centered around 1810, 1840, 1860-70, 1890-1910, 1930-40 and 1950-60 were indicative 
of high intensity fire events (Figure 6A). Except for the 1950’s-60’s, these periods were 
also characterized by numerous fire scars and were often synchronous between lakes 
suggesting widespread distribution of fire conditions (Figure 6B; Table 5). Fire scar years 
were also associated with decreased ring widths suggesting decreased moisture 
availability and increased risk of fire over large areas (Figure 6B-C). Support for this is 
provided by the Canadian Drought Code (hereafter CDC) and the Annual Area Burned 
(hereafter AAB) that revealed an increase in area burned was often associated with an 
increase in the CDC (Figure 6D-E). The ring-width index and the CDC were significantly 
correlated for the common period 1768-1987 (-0.460; p<0.000). Moreover, both the ring-
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width index and CDC values were significantly different between fire and non-fire years 
indicating that fire years were characterized by widespread ring-width reduction 
associated with higher CDC values (i.e. dryer conditions) compared to the non-fire years 
(Figure 6C-D; Table 6). However, the agreement between the ring-width index and the 
CDC and AAB indices became less clear around the 1950’s where an absence of 
prolonged above or below average ring widths was observed in the ring-width index 
compared to the earlier ring-width index. The regional CHAR record generally supported 
the tree-ring, CDC and AAB records for the LWE although a lag between the records was 
observed. For example, the CHAR increase since the 1870’s relative to the period 1670-
1870, and subsequent decrease around 1950, match the increase in fire activity during the 
1800’s observed in the stand initiation and fire scar records and the subsequent decrease 
in fire activity around 1900 (Figure 6F).  
 
2.3.3 Tree-ring and CHAR fire history across the LWE 
 The LWE fire history reconstruction revealed that fire occurrence has been 
variable across the region with individual lakes recording both common and unique fire 
events (Figure 7, Appendix XVI). The tree-ring records revealed that the 19
th
 century was 
characterized by widespread fire occurring in 1805, 1840, 1863 and the 1890’s as 
indicated by major stand recruitment and/or fire scar distribution (Table 5; Figure 7, 
Appendix XVI). The 1890’s, in particular, have been characterized by high severity 
crown fires that were responsible for stand recruitment. The widespread fire years 
identified by the tree-ring stand initiation data and/or fire scar records contained a 
corresponding CHAR increase/peak associated with the 1840 (Lakes M34, O4, O14), 
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Table 6: Tree ring-width index for years that did not contain a fire record (Non-fire) and 
those that did (Fire) based on the fire dates obtained from fire scars (Table 5). Also 
provided is an analysis between fire (Fire-b) and non-fire (Non-fire-b) years that included 
additional archival fire events >200 ha that occurred in the LWE (ex: 1929, 1961 and 
1976). The 1756 and 1989 fire events were excluded from the analysis because they were 
outside the range of the CDC record. The tree-ring index was analyzed against the 
Canadian Drought Code (CDC) for the Boreal Plains reconstructed by Girardin et al. 
(2006a) for the period 1768-1987. For each group, the mean and standard deviation is 
provided, along with the results from the Kruskall-Wallis test (p<0.05). The tree-ring 
index and the CDC record were analyzed over a common period from 1768-1987.  
 Non-fire 
n=201 
Fire 
n=19 
p-value Non-fire-b 
n=196 
Fire-b 
n=24 
p-value 
Ring-width       
Mean 0.990 0.861 0.000 0.994 0.858 0.000 
Standard deviation 0.154 0.128  0.152 0.135  
       
CDC       
Mean 179.850 197.084 0.019 179.107 199.600 0.003 
Standard deviation 26.510 30.793  25.691 33.040  
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Figure 7: Individual lake fire record with tree-ring (top) and CHAR (bottom) data 
indicated for their overlap period. In the top panel for each lake, the local (within 1 km) 
stand initiation is represented by bars, whereas fire scar years are indicated by the circles. 
The black triangles represent archival fire records that occurred within 1 km of the lake. 
In the bottom panel, the bars, line and symbols represent CHAR, CHAR background and 
CHAR peaks (black squares), respectively. For comparison, the CHAR for Northwest 
Lake (NW Lake) and ELA-320 were obtained from the Global Charcoal Database and 
were originally sampled by Lynch et al. (2004a). The CHAR for all lakes was calculated 
using the same parameters based on lake specific median ages. Note the different scale 
for the y-axes.   
M14 
M15 
M16 
M34 O15 
O14 
O6 
O4 
ELA-320 NW Lake 
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1863 (Lakes M14, M15, M16, O4, O6) and the 1890’s (Lakes M14, M15, M16, M34, 
O4, O14) fire events. Similarly, increased CHAR/peak identification corresponding to 
fire events localized around individual lakes was also observed for the 1805 (Lake M14), 
1820 (Lake O15), 1930 (Lake O6), 1932 (Lake O6) and 1936 (Lake M14) fire events. 
Within each lake the CHAR response was often lagged by 10-30 years in relation to the 
tree-ring record of fire. This is well illustrated within Lake M14 where the three separate 
fire events identified by fire scars had corresponding CHAR peaks identified 
approximately 20 years after the fire event (Figure 7; Appendix XVI). More generally, an 
increase in the short-term CHAR composite from the mid-1800’s to the mid to late 
1900’s revealed a lagged response to the increased frequency of fire identified from the 
stand initiation and fire scar records between 1800 and 1940. Charcoal data obtained for 
ELA-320 and Northwest Lake (Lynch et al. 2004a) further confirmed that CHAR is 
highly variable among lakes (Figure 7; Appendix XVI). In addition, the timing of 
increased CHAR and peak detection in ELA-320 and Northwest Lake often followed 
similar trends as observed for the study lakes (ex: increased CHAR and CHAR peaks 
identified around 1880).  
 
 Identification of fire events through peak analysis of the CHAR record of 
individual lakes revealed that the amount of forest that burned around a lake was an 
important determinant as to whether an event was recorded (Figure 7; Appendix XVI). 
The large fires contained within the archival record (ex: 1980 in Lake O14 and 1989 in 
Lake O15) that occurred in close proximity to a lake were generally associated with a 
CHAR peak (Figure 7), whereas the smaller archival fires (ex: 1948) did not have an 
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associated CHAR peak (Figure 7; Appendix XVI). Further, large scale fires suggested by 
pronounced stand initiation or widespread fire scars were often in closer association with 
CHAR peaks than fires identified by smaller stand recruitment peaks or less frequent fire 
scars. In relation to fire size, peak analysis of larger fire events appeared to overestimate 
the amount of fires that occurred (ex: Lake M16 and Lake M34). In contrast, peak 
analysis for fire events that occurred in close succession around a lake (ex: Lake O4 and 
Lake O6) appeared to underestimate the fire history (Figure 7; Appendix XVI). 
 
 In contrast to fire size and timing, proximity of fire to a lake had a limited effect 
on peak detection (i.e. <500 m or 500 m-1 km; cardinal direction). For instance, all 
CHAR peaks were associated with fires that occurred within 500 m of the lake, however 
not all fires occurring within 500 m of the lake were identified as a CHAR peak (Figure 
7). Notably, there were multiple fires identified by fire scars around Lakes O4 and O6 
that did not contain an associated CHAR peak. Further, the direction of a fire in relation 
to the lake also appeared to have a limited influence compared to fire size. For example, 
the 1840 and 1863 fire years were identified by fire scars to the west of Lake O6 but did 
not translate into a CHAR peak as would be expected with prevailing westerly winds 
(Appendix XVI). Similarly, the distance between lakes had little explanatory effect as 
lakes in close proximity (ex: Lakes M15 and M16; Lakes O14 and O15) often contained 
heterogeneous CHAR records and a unique record of fire events. For example Lake M15 
generally contained higher CHAR values and more CHAR peaks compared to Lake M16, 
despite only being located 6 km apart. The peaks identified for the ELA-320 and 
Northwest Lake dataset (Lynch et al. 2004a) also contained unique records of fire as well 
 91 
 
as detected peaks consistent with fire events identified within other lakes, particularly for 
the 1890’s-1900’s (Figure 7; Appendix XVI). 
 
2.3.4 Multi-millennial fire history reconstruction from CHAR     
 The multi-millennial CHAR composite record revealed that charcoal accumulation 
has been variable over time (Figure 8A). Beginning in 1000 BCE, CHAR generally 
increased until approximately 300 BCE, suggesting that fire occurrence increased during 
this period. Between 500 BCE to 200 CE the maximum CHAR within the record was 
observed suggesting it was a period of maximum area or biomass burned. Following this 
maximum, a continuous decline in CHAR was observed between 200-1000 CE where 
CHAR values approximated those observed prior to 500 BCE. After 1000 CE another 
decrease in CHAR was noticed that was sustained until approximately 1600 CE, 
suggesting that conditions were becoming increasingly unfavourable for fire. This 
sustained decrease was followed by an increase in CHAR from 1600-2000 CE. Although 
the CHAR increased since 1600 CE, it has remained at a lower value than that observed 
prior to 1000 CE. Comparison between the regional CHAR record (Figure 8A) and the 
North American (herafter NAm) composite (Figure 8B) from Marlon et al. (2013) 
revealed that CHAR was generally similar between the two records (Figure 8). The NAm 
composite CHAR record supported observations of increasing fire during the early 
record, followed by a fire decrease around 0 CE. In the NAm CHAR composite, the 
sustained CHAR decrease until 1600 CE, and subsequent increase until 2000 CE, 
followed a similar pattern as observed for the study area composite (Figure 8). The 
different composite CHAR records in Figure 6 and Figure 8 were a result of the 
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Figure 8: Composite CHAR record for the eight lakes (A) and for North America (B) 
from Marlon et al. (2013). Subfigure A is constructed by calculating charcoal influx 
using charcoal area from the eight lakes, whereas subfigure B is constructed from Marlon 
et al. (2013) using influx values of any type (i.e. charcoal area, count, weight) obtained 
from the Global Charcoal Database (GCD), Mooney et al. (2011) and 25 sites from other 
publications. The solid line represents the CHAR index based on 20 year binning and 
filtered through a 500 year window and the dashed lines represent the 95 percent 
confidence intervals. Gray shaded areas represent the MCA (900-1200 CE) and LIA 
(1450-1850). The composite CHAR were calculated using the procedure outlined in the 
paleofire package for R by Blarquez et al. (2014). Note the different scale for the y-axes. 
A 
B 
LIA MCA 
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variability observed in Figure 6 being removed by the smoothing procedure for Figure 8 
using a 500 year window. 
 
 Within the study area, individual lakes exhibited a combination of shared and 
unique spatial trends (Figure 9). For example, the records obtained from the Ontario lakes 
were generally longer than those of the Manitoba lakes indicating that the sedimentation 
rate was slower in Ontario (Figure 9). Further, the Manitoba lakes revealed that CHAR 
decreased abruptly around the end of the MCA (~1200 CE). Peak analysis of the CHAR 
record identified 12 (M14), 14 (M15), 8 (M16), 7 (M34), 11 (O4), 9 (O6), 18 (O14), and 
15 (O15) fire events (Figure 9; Table 7). The similarity in the number of recorded peaks 
among lakes, combined with the shorter record for the Manitoba lakes, indicated that 
more fires were identified in the Manitoba portion of the study area. Comparison of the 
CHAR peaks from ELA-320 (18) and Northwest Lake (15) revealed that they generally 
contained a similar number and distribution of peaks as that observed for the study lakes 
and also confirmed the heterogeneity between lakes in relatively close proximity in 
relation to the number and distribution of CHAR peaks (Figure 9). The distribution of 
CHAR peaks and of fluctuations in CHAR amount indicated that widespread fire 
conditions affected multiple lakes simultaneously. For example, around 1600 CE fire 
events observed for Lakes M14, M15, M34, O4, O6, O14, ELA-320, and Northwest Lake 
indicated that widespread fire conditions may have prevailed. In contrast, fluctuations in 
CHAR amount between multiple lakes often indicated that a shift in the fire regime may 
have occurred, such as that implied by lower CHAR amount and CHAR peak distribution 
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Figure 9: The millennial CHAR record for the eight lakes. The bars, black line and black 
dots represent CHAR, CHAR background, and fire events determined through peak 
analysis, respectively. The shaded areas represent the Medieval Climate Anomaly (900-
1200 CE) and the Little Ice Age (1450-1850 CE), respectively. The data from ELA-320 
and Northwest Lake (NW Lake) were obtained from the Global Charcoal Database and 
these lakes were originally sampled by Lynch et al. (2004a). The CHAR for all lakes was 
calculated using the same parameters based on lake specific median ages. Note the 
different scales on the y-axes.
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Table 7: Median fire free interval (mFFI) and fire free interval distribution (FFId) for the 
eight lakes. The data presented includes the entire record without any sub-division into 
periods. Each record begins with the first detected peak for a particular lake with the 
oldest fire at the bottom of the column. 
Lake M14 M15 M16 M34 
Median 
age 
9 11 13 9 
Record 
length  
1132 1464 1492 744 
Fire 
event 
Fire 
year 
(CE) 
mFFI FFId 
Fire 
year 
(CE) 
mFFI FFId 
Fire 
year 
(CE) 
mFFI FFId 
Fire 
year 
(CE) 
mFFI FFId 
1 1961 23 45 1949 28 55 1810 98 195 1989 9 18 
2 1907 23 45 1916 11 22 1680 59 117 1971 5 9 
3 1835 32 63 1894 6 11 1420 124 247 1917 23 45 
4 1646 90 9 1652 116 231 1160 124 247 1791 63 126 
5 1493 72 180 1498 72 143 861 143 286 1665 54 108 
6 1394 45 144 1190 149 297 731 59 117 1521 68 135 
7 1269 59 90 1124 28 55 692 13 26 1260 126 252 
8 1142 59 117 1014 50 99 484 98 195    
9 1115 9 117 904 50 99       
10 1097 5 18 860 17 33       
11 989 50 99 805 22 44       
12 926 27 54 629 83 165       
13    563 28 55       
14    486 33 66       
Average  41.2 81.8  49.5 98.2  89.8 178.8  49.7 99.0 
St. Dev  25.9 51.8  41.9 83.6  43.3 86.4  42.3 84.8 
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Table 7 continued 
Lake O4 O6 O14 O15 
Median 
age 
12 8 11 10 
Record 
length 
2992 2249 2794 2444 
Fire 
event 
Fire 
year 
(CE) 
mFFI FFId 
Fire 
year 
(CE) 
mFFI FFId 
Fire 
year 
(CE) 
mFFI FFId 
Fire 
year 
(CE) 
mFFI FFId 
1 2006 12 12 1949 28 56 1950 28 55 2006 10 10 
2 1526 234 468 1597 172 344 1895 22 44 1886 55 110 
3 1214 150 300 1333 128 256 1862 11 22 1486 195 390 
4 998 102 204 1157 84 168 1587 132 264 1376 50 100 
5 614 186 372 965 92 184 1367 105 209 1056 155 310 
6 410 96 192 509 224 448 1202 77 154 706 170 340 
7 74 162 324 213 144 288 1048 72 143 616 40 80 
8 26 18 36 21 92 184 916 61 121 286 160 320 
9 -334 174 348 -163 88 176 806 50 99 146 65 130 
10 -622 138 276    718 39 77 66 35 70 
11 -910 138 276    542 83 165 -14 35 70 
12       289 121 242 -84 30 60 
13       113 83 165 -214 60 120 
14       -85 94 187 -414 95 190 
15       -272 88 176 -454 15 30 
16       -591 154 308    
17       -734 66 132    
18       -800 28 55    
Average  128.2 255.3  116.9 233.8  73.0 145.4  78.0 155.3 
St. Dev  67.7 137.5  57.5 115.0  39.6 79.3  61.5 123.8 
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during the LIA compared to the MCA for Lakes M14, M15, M16, O4, O14, O15, and 
Northwest Lake.  
 
 The long-term CHAR record also revealed a combination of shared and unique 
temporal trends. For this analysis, comparisons between lakes were based on the record 
lengths of a particular lake (Table 7). For example, all lakes were compared against Lake 
M34 only for the shared record of the last 744 years. Similarly, only the last 2790 years 
of Lake O4’s 2992 year record was used based on the second longest record of Lake O14 
(2790 years). The examination of the median fire free interval (mFFI) and fire free 
interval distribution (FFId) confirmed that lakes contained unique fire frequency and 
distribution records (Table 7; Figure 10). The mFFI revealed that fire occurrence ranged 
from 5-234 years (eight lakes averaged 78.3 years) whereas the FFId ranged from 9-468 
years (eight lakes averaged 155.9 years) and revealed that lakes experienced 0-2 fire 
events per century (Table 7; Figure 10). The distribution of fire revealed a broad 
northwestern (Lakes M14, M15, M34, O14 and O15) and northeastern (Lakes M16, M34, 
O4, O6, O14 and O15) grouping based on statistical differences between lakes (Figure 
10; Table 8). Lakes M14, M15 and M34 represented the shortest average mFFI, Lakes 
M16, O14 and O15 an intermediate average mFFI, and Lakes O4 and O6 represented the 
longest average mFFI. Statistical analysis of the mFFI revealed that Lakes M16, O4, and 
O6 were significantly different from Lake M14, with Lake M16 and O6 also significantly 
different from Lake M15 (Table 8). Lake M34 was not significantly different from any 
lakes in regards to mFFI (Table 8). In comparison, the examination of the FFId revealed 
that Lakes M14 and M15 were significantly different than Lakes M16, O4, and O6. Lake 
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Figure 10: Fire series (black circles), fire frequency (line), and distribution of fire free 
intervals (box plot) for the eight lakes. The fire frequency is represented as the number of 
fires per 100 years. The shaded areas represent the Medieval Climate Anomaly (900-
1200 CE) and the Little Ice Age (1450-1850 CE), respectively.
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Table 8: Two sample Mann Whitney U test comparisons of median fire free intervals 
(mFFI) and fire-free interval distributions (FFId) for Lake M14, M15, M16, M34, O4, 
O6, O14, and O15 using the data from Table 7. Comparison between lakes for mFFI and 
FFId was based on the length of record for a particular lake with a minimum timespan of 
744 (Lake M34) and 2792 (Lake O14) years. The grey shading represents significant 
differences between lakes (p≤0.05). The results for the mFFI are displayed below the line 
and the FFId is displayed above the line. Shading is provided to help see significant 
differences. 
 M14 M15 M16 M34 O4 O6 O14 O15 
M14 - 0.885 0.004 0.636 0.043 0.008 0.229 0.114 
M15 0.908 - 0.047 0.873 0.039 0.007 0.206 0.056 
M16 0.004 0.047 - 0.199 0.300 0.246 0.247 0.752 
M34 0.727 0.568 0.130 - 0.439 0.136 0.749 0.715 
O4 0.034 0.051 0.300 0.131 - 0.453 0.017 0.120 
O6 0.008 0.018 0.246 0.089 0.369 - 0.051 0.186 
O14 0.216 0.206 0.247 0.338 0.053 0.030 - 0.722 
O15 0.104 0.055 0.752 0.372 0.023 0.178 0.766 - 
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O14 was also significantly different than Lake O4. Lakes M14, M15 and M34 
represented the shortest average FFId, Lakes M16, O14 and O15 an intermediate average 
FFId, and Lakes O4 and O6 represented the longest FFId. For the different periods (pre-
MCA (<900 CE), MCA (900-1200 CE), end of MCA to beginning of LIA (1200-1400 
CE), LIA (1400-1850CE), and post- LIA (1850-present)), the examination of the mFFI 
and FFId revealed that there were no significant differences between lakes (not shown). 
 
 2.3.5 Charcoal morphology  
 The relative proportion of wood and grass type charcoal, obtained by determining 
the contribution of wood charcoal to the total, indicated that wood charcoal dominated 
the record of most lakes with the exception of Lakes M15, M34 and O14 that often 
contained more grass charcoal (Figure 11). For lakes with longer records (Lakes O4, O6, 
O14, O15) there was a decrease in wood charcoal around 200 BCE suggesting that a shift 
in charcoal production/deposition may have occurred that affected the entire eastern 
region. Although the four lakes had sustained wood CHAR increases until the end of the 
MCA, Lakes O6 and O14 saw pulses of decreased wood CHAR around 300 CE and 700 
CE implying that conditions were more heterogeneous in the easternmost portion of the 
study area. Lakes M15 and M16 also had a decrease in wood CHAR around 700 CE and 
600 CE, respectively, and suggested the change in conditions was widespread during this 
time. For the more recent record, (~900 CE-present), charcoal morphotypes revealed the 
pattern of accumulation diverged and became more spatiotemporally heterogeneous 
across the study area. Wood charcoal revealed that lakes in close proximity exhibited 
similar fluctuations within a northwestern (Lakes M14, M34), southwestern (Lakes M15, 
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Figure 11: The relative proportion of the contribution of wood and grass charcoal types 
to the charcoal record. The Manitoba lakes are the top four subfigures and the Ontario 
lakes are the bottom four subfigures. The values above the reference line represent 
samples that contained more wood type charcoal. The blue line was calculated using a 10 
year running average. The shaded areas represent the Medieval Climate Anomaly (900-
1200 CE) and the Little Ice Age (1450-1850 CE). 
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M16), southeastern (Lakes O4, O6) or northeastern (Lakes O14, O15) grouping. For 
example, Lakes M15 and M16 generally had increasing wood CHAR throughout the 
recent record compared to Lakes O4 and O6 that remained relatively stable.
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2.4 Discussion 
 2.4.1 Lake of the Woods Ecoregion modern fire history (1670-2010) 
 2.4.1.1 Tree-ring and archival records 
 Within the LWE, the period 1920-2010 provided the longest overlap between 
archival, tree-ring, and charcoal records of fire. The beginning of the 1920’s also marks a 
shift in human activities towards improved record collection, active fire suppression, and 
industrialized agricultural, construction, and forestry techniques (Alexander 1981; 
Beverly 1998; Senici et al. 2010). This monitoring and suppression effort was 
implemented on a large scale beginning in the 1950’s (Murphy et al. 2000). In general, 
the multi-proxy fire history reconstruction of the LWE revealed that the archival records 
were in better agreement with the tree-ring fire records for the latter part of the 20
th
 
century compared to the early record. For example, large (>200 ha) local (within 1 km) 
fires that were recorded within the archival record in 1948 (Lake O15), 1980 (Lake O14) 
and 1989 (Lake O15) generally had corresponding tree-ring fire records. Within central 
North America the 1980’s fires, in particular, corresponded to reports of increased fire 
activity (Stocks et al. 2003; Blais et al. 1998; Fauria and Johnson 2008; Girardin and 
Sauchyn 2008) associated with decreased precipitation and increased temperature (Blais 
et al. 1998; Fauria and Johnson 2008; St. George et al. 2008; Bonsal et al. 2013). In some 
situations, the fire scar record did not have an equivalent archival fire record. An absence 
of an archival record in association with stand initiation or fire scars suggested that the 
early archival records do not contain a complete record of larger fire events. Further, 
lower severity fires implied by lower stand initiation and fewer fire scars indicated that 
the early archival record also underestimated lower severity fires. In relation to an 
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absence of archival records for fire events in the central portion of North America, 
Beverly (1998) and Senici et al. (2010) have suggested that reduced detection associated 
with relatively limited transportation networks (ex: roads) and fire monitoring networks 
(ex: fire towers, aerial reconnaissance) may have been a contributing factor for 
incomplete early archival records. Murphy et al. (2000) reported that a similar monitoring 
situation existed across Canada and Alaska. Therefore, the lack of archival fire records 
within the LWE may have been related to poorer access to the areas prior to construction 
of infrastructure. Expansion of transportation networks may have even contributed to fire 
as suggested by the close association between the 1926 and 1930 fire events around Lake 
M16 and increased human activity associated with road construction of Highway 44 
during this time (Wightman and Wightman 1997). Senici et al. (2010) observed a similar 
association between increased human activities, in the form of forest harvesting during 
the 1920’s, and one of the highest periods of recent fire activity within their study area 
near Thunder Bay, Ontario. 
 
 2.4.1.2 Tree-ring fire records 
 Prior to 1920, the regional LWE tree-ring fire history reconstruction revealed that 
widespread fires occurred in 1805 (Lakes M14, O6, O15), 1840 (Lakes M34, O4, O6, 
O14), 1863 (Lakes M14, M15, M16, O4, O6), and 1894 (Lakes O4, O6), with the 1890’s 
marking the last period of widespread stand replacing fires around the lakes until those 
observed in the 1980’s. These widespread fire years corresponded to periods of increased 
drought identified within the Boreal Plains CDC reconstruction (Girardin et al. 2006c) 
and increased fire identified within the North American AAB reconstruction (Girardin 
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2007). Within the LWE the fire activity in 1805 occurred in association with a period of 
widespread drought throughout central North America in the early 1800’s (Sauchyn and 
Skinner 2001) that also corresponded to reports of increased fire occurrence in adjacent 
areas of Ontario (Alexander 1981; Fritz et al. 1993; Girardin et al. 2006b), northern 
Minnesota (Frissell 1973; Swain 1973; Alexander 1981; Clark 1990), Manitoba (Tardif 
2004; Girardin et al. 2006b) and western Canada (Sauchyn et al. 2015). The 1805 fire 
year also occurred during a period of increased fire activity recorded within Hudson Bay 
Company (hereafter HBC) archival records of northwestern Ontario between 1790 and 
1805 (Fritz et al. 1993). Within central North America, Girardin et al. (2006b) identified 
1804 as the year with the highest area burned for the period 1781-1982. Rannie (2001) 
also indicated that HBC records reported severe drought and late-season fire activity in 
1804 south of modern-day Winnipeg, and so the 1805 fire year may be a late season 1804 
fire or represent a multiyear drought event within central North America. Within the 
LWE the 1840 fire year occurred during a period between the 1830’s and 1860’s that the 
HBC archival records reported as containing lower fire activity (Fritz et al. 1993). 
However, reports of increased drought during the 1840’s, identified through decreased 
ring-widths (St. George and Nielson 2002; Tardif 2004; St George et al. 2008) and 
increased AAB (Girardin and Sauchyn 2008) throughout central and western North 
America, suggested that the 1840 fire event in the LWE may have been more widespread 
than the HBC archival records implied. The 1863 fire event within the LWE occurred 
during a period of particularly severe drought in the 1860’s identified across North 
America (Alexander 1981; Sauchyn and Skinner 2001; Herweijer et al. 2006; St George 
et al. 2008; St George et al. 2009). This drought period was also associated with 
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widespread fire in 1863/64 reported throughout northern Minnesota (Frissell 1973; 
Heinselman 1973; Swain 1973; Clark 1989; Clark 1990), northwestern Ontario 
(Alexander 1981; Fritz et al. 1993; Girardin et al. 2006d; Scoular 2008), and Manitoba 
(Girardin et al. 2006d). Within central North America, Fritz et al. (1993) indicated HBC 
archival records reported the 1860’s as a transition towards increasing fires up to the end 
of the 19
th
 century. Similar to the other widespread fires, the conditions responsible for 
fires in the 1880’s and the widespread 1894 fire event appear to be related to prolonged 
drought over a large area of central and western North America (Sauchyn and Beaudoin 
1998; Sauchyn and Skinner 2001; Herweijer et al. 2006; St George et al. 2008; Sauchyn 
et al. 2015). The widespread drought in the 1880’s and 1890’s contributed to increased 
fire in northern Minnesota (Frissell 1973; Heinselman 1973; Clark 1989; Clark 1990), 
Manitoba (Tardif 2004; Girardin et al. 2006d; Tardif et al. 2016), northwestern Ontario 
(Alexander 1981; Fritz et al. 1993; Girardin et al. 2006d; Scoular 2008) and western 
North America (Rowe 1955; Tande 1979; Johnson et al. 1998). Following the 1890’s 
fires, HBC archival records revealed that fire activity declined into the 1900’s (Fritz et al. 
1993).  
 
 In addition to the widespread fires identified within the LWE tree-ring records, 
fire events in 1756 (Lake O4), 1820 (Lake O15), 1842 (Lake O4), and 1906 (Lake M15) 
were potentially larger than the tree-ring record suggested as a result of the diminishing 
tree-ring record through time. For example, the limited distribution of the 1820 fire event 
implied by the tree-ring record occurred at a time of widespread drought reported 
throughout central and western North America during the 1820’s (Sauchyn and Beaudoin 
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1998; Sauchyn and Skinner 2001; Girardin et al. 2006b; Girardin et al. 2006d). Further, 
the 1820’s drought contributed to increased fire reported within northern Minnesota 
(Frissell 1973), northwestern Ontario (Fritz et al. 1993), western Manitoba (Rowe 1955; 
Caners and Kenkel 2003), and western North America (Sauchyn and Beaudoin 1998). 
Similarly, the 1842 fire year was not widely reported within North America, but did 
occur in association with the increased drought of the 1840’s throughout central and 
western North America (St. George and Nielson 2002; Tardif 2004; Girardin and 
Sauchyn 2008; St George et al. 2008). The limited fire distribution suggested by the 
LWE tree-ring record for the 1906 fire event also appeared to be associated with more 
widespread occurrence of drought and fires in central (Swain 1973; Heinselman 1973; 
Clark 1990) and eastern North America (Bergeron and Brisson1990; Girardin et al. 
2006d; St. George et al. 2009). The 1756 (Lake O4) fire event was only located at one 
site and its poor representation within the tree-ring record is likely an artefact of the 
diminishing record further back in time. However, it too corresponds to a period of 
increased drought in central North America reported for the 1750’s-60’s (Sauchyn and 
Skinner 2001). Within the LWE the general agreement between fire events and periods of 
widespread drought and fire activity suggested that the limited distribution of fire events 
in 1756, 1820, 1842, 1906, 1926, 1930, 1932, 1936, 1951, and 1977 indicated that tree-
ring records may provide an underestimation of fire occurrence. A multi-proxy fire 
history reconstruction that includes charcoal analysis can therefore help verify fire 
periods, identify additional fire events, and extend the length of the record. An important 
first step in charcoal reconstructions of fire is comparison with the archival and tree-ring-
records (Whitlock and Larsen 2001; Whitlock and Anderson 2003). 
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 2.4.1.3 Charcoal records and the modern fire history reconstruction 
 In relation to archival and tree-ring records, the modern charcoal records revealed 
that the agreement between identified fire events and CHAR peaks was variable. For 
example, more recent large (>200 ha) local (within 1 km) fires that were recorded within 
the archival and tree-ring record for 1989 contained a corresponding CHAR peak (Lakes 
O4 and O15). In contrast, the 1948 (Lake O15) and 1980 (O14) fire events identified in 
the archival and tree-ring record did not contain a corresponding CHAR peak. Therefore, 
based on findings by Higuera et al. (2005) peak identification of fire events may suggest 
that CHAR peaks are associated with high severity events that produced a large amount 
of charcoal. For example, Krezek-Hanes et al. (2011) revealed that the 1980’s decade 
contained the highest fire activity across North America for the 1959-2007 period, 
burning over 25 million ha. The 1989 fire year was found to be particularly severe, 
burning over 2.5 million ha of forest (Krezek-Hanes et al. 2011). Senici et al. (2010) also 
identified the 1980’s as one of two periods of increased fire activity within central North 
America during the 20
th
 century. Similarly, Tardif et al. (2016) indicated that 1980 was 
the year of the most recent large fire in Riding Mountain National Park. However, an 
absence of CHAR peaks for the 1980 and 1948 fire events suggested that they were 
smaller and that peak detection of fires may be more difficult for less severe fire events. 
 
 For the period preceding the archival records, CHAR peak identification was also 
variable in relation to fires identified by the LWE fire-scar record. Similar to the archival 
period, CHAR peaks were generally better observed for the larger, more widespread fire 
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events in 1840 (Lakes M34, O4, O14), 1863 (Lakes M14, M15, M16, O4, O6) and the 
1890’s (Lakes M14, M15, M16, M34, O4, O14). This result is consistent with other 
studies (Higuera et al. 2005; Higuera et al. 2010) which confirmed that large, low 
frequency, high severity fires were best suited for peak detection. Further, CHAR peaks 
potentially related to the fire events localized around individual lakes in 1805 (Lake 
M14), and 1820 (Lake O15) suggested that these fires may have been more widespread 
than the tree-ring record implied. Further, peak analysis has been observed to be better 
suited to areas where fire events occur at intervals of at least 5 times the sediment sample 
resolution and poorer peak identification may occur for areas with more frequent fires 
(Higuera et al. 2010). Therefore, poorer peak analysis for lakes with frequent tree-ring 
fire records, such as Lakes O4 and O6, may be a result of fires occurring approximately 
every 30 years rather than the optimum 5 times the sampling resolution (~80 years for 
Lakes O4 and O6) reported for charcoal fire history reconstructions (Whitlock and Larsen 
2001; Higuera et al. 2010).  
 
 For fire events that were identified through both tree-ring and CHAR records, 
many of the CHAR peaks appeared to lag behind tree-ring records by several decades and 
is a common occurrence related to the timing of charcoal transport and deposition 
(Higuera et al. 2005; Conedera et al. 2009; Brossier et al. 2014). For example, Higuera et 
al. (2005) observed that a CHAR peak associated with a severe 1890 fire identified 
within tree-rings occurred 36 years after the actual fire event. Within the LWE, the 
lagged response is well illustrated by Lake M14 where CHAR peaks in the 1830’s, 
1900’s, and 1960’s may be associated with fire events that occurred several decades 
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before. The lagged effect is particularly evident for the CHAR composite record where a 
CHAR increase beginning near the end of the 19
th
 century is contrary to tree-ring records 
showing a decrease in widespread fire beginning in the 1900’s and can only be reconciled 
if related to a lag between actual fire events and the transport and deposition of charcoal. 
Despite some incongruities, the relative agreement between archival, tree-ring and CHAR 
records provides an opportunity to assess the modern fire history in relation to human 
activities and climatic changes. However, before proceeding, several inconsistencies 
among the records must first be examined.  
 
 2.4.1.4 Discrepancy among fire history records 
 Inconsistencies between tree-ring records and CHAR peaks is a common issue in 
charcoal analyses and has been related to a number of factors including fire size, severity, 
intensity, biomass availability, and wind direction (Conedera et al. 2009; Higuera et al. 
2011; Brossier et al. 2014). For example, Higuera et al. (2005) reported that missed fire 
events may have been a function of fire severity, where small fires had limited charcoal 
production and large fires could produce strong updrafts that resulted in a skip distance. 
Whitlock and Millspaugh (1996) further revealed that wind direction was an important 
component as to which lakes recorded a particular fire event with lakes downwind of a 
fire containing a better record of the event. Underrepresentation of fire events during 
peak analysis also has the potential to occur for fire events in close temporal proximity 
(Higuera et al. 2005; Conedera et al. 2009). Higuera et al. (2005) reported a situation 
where peak analysis identified one CHAR peak in relation to two fires recorded within 
the tree-ring records. Within the LWE, an example of this can be seen for the 1960’s 
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CHAR peak in Lake M14 that was identified in relation to a fire implied by the 1910’s 
period of stand initiation and a fire identified by the 1936 fire scar. Similarly, five fires 
that occurred in close succession around Lake O4 were only identified as one fire within 
the CHAR record. Although peak analysis of fires in close succession remains an 
unresolved issue, methodological solutions have been suggested, such as finer sample 
resolution (Whitlock and Larsen 2001; Whitlock and Anderson 2003), and refined peak 
analysis parameters (Higuera et al. 2011; Brossier et al. 2014).  
 
 Inconsistencies between tree-ring records and CHAR peaks can also be a 
reflection of the parameters selected during peak analysis. For instance, peak detection in 
LWE lakes using the median sample resolution of the recent record better identified fire 
events within the tree-ring record than did the median resolution of the entire record (not 
shown). This is consistent with Brossier et al. (2014) who reported that interpolated 
CHAR (Cinterpolated), containing the background (Cbackground) and peak (Cpeak) component, 
was in better agreement with tree-ring records when the median resolution for the recent 
record was used rather than that of the entire record. Therefore, arbitrarily selected 
sample resolution or those calculated from the entire record may lead to an 
underestimation of the occurrence of fire. Further, Brossier et al. (2014) revealed that the 
selection of smoothing window width can result in different interpretations of fire history 
from the CHAR record. For example, they reported that longer window widths failed to 
detect recent fires identified within the tree-ring records compared to shorter window 
widths. However, shorter window widths can also result in lower signal-to-noise (SNI) 
ratios within the CHAR peak (Cpeak) component and poorer separation of the fire signal 
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(Cfire) from noise (Cnoise) (Kelly et al. 2011; Brossier et al. 2014). Brossier et al. (2014) 
indicated that a 300 year window width provided the best balance between peak detection 
of known fires, higher SNI values, and comparability to other studies. Therefore, missed 
fire events within the LWE may partially be a function of the 300 year window width that 
was selected. Selection of shorter window widths in the LWE (not shown), although 
violating the SNI threshold requirement (SNI>3), did produce a better fit with tree-ring 
records of fire and peak analysis may be better informed from comparison to actual fire 
events in the tree-ring record rather than attempting to maximize the SNI threshold. 
 
 The lagged effect between tree-ring and CHAR records could have occurred in 
direct relation to increased charcoal production and deposition from fire events (primary 
transport) or indirectly through continued transport over time (secondary transport) 
(Patterson III et al. 1987; Bradbury 1996; Whitlock and Millspaugh 1996). For primary 
transport, most charcoal is deposited into a lake relatively quickly. However, aquatic 
vegetation and the rate of sediment slumping within a lake can delay the movement of 
charcoal to the centre of the lake which can offset the fire record by several decades 
(Patterson III et al. 1987; Whitlock and Millspaugh 1996). For example, within the LWE, 
lagged CHAR increase in the 20
th
 century, compared to decreased fire indicated in the 
tree-ring records, appears to be a function of these well-known taphonomic processes 
controlling the transport and deposition of charcoal to deeper portions of the lake 
(Patterson III et al. 1987; Whitlock and Millspaugh 1996).  
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 Increases in CHAR could have also occurred indirectly through increased 
transport and deposition associated with remobilization of charcoal (secondary transport). 
This process can influence CHAR particularly during periods of increased or decreased 
moisture availability (Patterson III et al. 1987; Bradbury 1996; Whitlock and Millspaugh 
1996). As the 20
th
 century is generally reported as having a similar amount of 
precipitation, albeit distributed more heterogeneously, as the 19
th
 century (Sauchyn and 
Beaudoin 1998; St. George and Nielsen 2002), it appeared that increased CHAR during 
the 20
th
 century was not related to increased secondary transport associated with 
increased precipitation. It has also been suggested that drought conditions have the 
potential to cause increased secondary transport of charcoal through water level changes 
that can lead to CHAR increases/peaks that have no direct relation to fire events (Laird et 
al. 2012). Laird et al. (2012) reported that changes to relative diatom populations can 
help identify periods of drought that may contribute to remobilized charcoal. Inclusion of 
this method in CHAR analyses may provide additional information towards identifying 
issues and resolving inconsistencies in identification of fire events. The relative 
importance of these factors for charcoal production, transport and deposition is still 
unclear and represents an area that needs additional work. 
 
 It is also possible that the lagged effect between records is an artefact caused by 
the dating process. For example, increased error for 
210
Pb dating of deeper sediment 
means that CHAR peaks could conceivably have occurred earlier or later than the date 
provided by the median age (Higuera et al. 2005; Higuera et al. 2011). A shifted date 
would put many CHAR peaks in better alignment with tree-ring records. Further, 
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assigning dates to sediment samples through extrapolation between widely spaced dates 
may miss important periods of sediment fluctuation that could change the date assigned 
to a particular sample based on a particular sedimentation rate (Whitlock and Anderson 
2003). Additional dating may also help resolve the abrupt change in sedimentation rate 
between 
210
Pb and 
14
C dated cores (Tardif et al. 2016). However, despite being observed 
within other studies (Haig et al. 2013; Brossier et al. 2014; Tardif et al. 2016), the abrupt 
transition between 
210
Pb and 
14
C dated sediment is generally not acknowledged and 
requires further examination. Recent studies that use only 
14
C dating for sediments (Ali et 
al. 2009b; Ali et al. 2012; Senici et al. 2013) have also been conducted and this method 
may be needed for the LWE lakes to try and resolve some of the dating inconsistencies. 
In relation to 
14
C dates that were omitted from the age-depth model (Lakes M14 and 
M16), rather than being errors, may have been indicative of variation in sediment 
deposition which would lead to a different fire history interpretation. These 
methodological issues are well documented and remain an unresolved problem inherent 
in fire history reconstruction from lake sediments (Whitlock and Anderson 2003; Higuera 
et al. 2005; Higuera et al. 2011). These results highlight the importance of multi-proxy 
record comparison when reconstructing fire events and indicate the reconstruction of the 
long-term CHAR record may provide a conservative estimate of the fire occurrence.  
 
 2.4.1.5 Modern fire history, human activities, and climatic conditions  
 The archaeological evidence for central North America suggested that permanent 
settlement had not occurred within the LWE until the arrival of the fur trade around 1600 
CE (Fritz et al. 1993; Davidson-Hunt 2003). A subsequent increase in settlement 
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throughout North America beginning in the 17
th
 century brought an increase in fire 
occurrence (Bowman et al. 2013) and corresponded with a CHAR increase in the LWE 
beginning in the mid-LIA (~1600 CE). Continued settlement expansion (Davidson-Hunt 
2003; Johnson and Miyanishi 2012; Bowman et al. 2013) and increasing CHAR through 
the 19
th
 century suggested that fire events identified in the tree-ring record may have been 
related to increased ignition sources associated with agricultural, forestry, and 
transportation related activities. For example, Rannie (2001) indicated that HBC archival 
records from the Prairies contained numerous references to grass-fires associated with fur 
trade activities followed by a decrease around the 1880’s associated with advanced 
European settlement. Similarly, several authors (Tardif 2004; Weir et al. 2000; Tardif et 
al. 2016) have reported that European settlement was associated with a lengthening of the 
20
th
 century fire cycle in western Manitoba and eastern Saskatchewan, respectively. 
Therefore, changes in settlement and its relation to fire may have contributed to a 
decrease in widespread LWE fire events after 1900 CE identified within the tree-ring 
records. Davidson-Hunt (2003) further suggested that the reduction in fire ~1900 CE may 
also have been related to the adoption of policies aimed to both discourage/penalize 
human activities responsible for fire occurrences, combined with a move towards active 
fire suppression. However, modern transportation networks, and fire monitoring and 
suppression techniques were well established at the time of large fire events during the 
1980’s suggesting that climate has also played an important role in fire occurrence. 
 
 Within the LWE, many of the major fire events have been related to climatic 
conditions leading to major drought. For example, LWE fire events in 1980 and 1989 are 
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consistent with reports of increased drought occurrence beginning in the 1980’s that have 
been linked to atmospheric pressure ridging across the boreal forest of North America 
(Brotak and Reifsnyder 1977; Skinner et al. 1999; Flannigan and Wotton 2001; Skinner 
et al. 2002; Girardin et al. 2004b; Girardin and Tardif 2005; Girardin et al. 2006c; Fauria 
and Johnson 2008). The dryer conditions combined with increased ignition sources 
associated with ridge breakdown (Newark 1975; Fauria and Johnson 2008) have also 
been linked to increased AAB across North America since 1980 (Skinner et al. 1999; 
Skinner et al. 2002; Stocks et al. 2003; Gillett et al. 2004; Girardin et al. 2004b; Beverly 
and Martell 2005; Fauria and Johnson 2006; Girardin et al. 2006b; Kasischke and 
Turetsky 2006; Skinner et al. 2006; Girardin 2007; Le Goff et al. 2007; Fauria and 
Johnson 2008; Girardin and Sauchyn 2008; Senici et al. 2010; Shabbar et al. 2011). For 
example, within central North America, Senici et al. (2010) observed the 1980’s to be a 
decade of severe fires, with over 180,000 ha of their study area burning. Similarly, the 
LWE fire events in 1926 and the 1930’s that occurred in relation to increased drought 
during the 1920’s and 1930’s (Heinselman 1973; Tardif 2004; LeFort et al. 2003; 
Girardin et al. 2006a; Girardin et al. 2006d; St. George et al. 2009) have also been linked 
to increased atmospheric pressure ridging (LeFort et al. 2003; Girardin et al. 2006a; 
Girardin et al. 2006d; St. George et al. 2009). Despite the appearance that the 1930’s 
fires were not particularly severe within the LWE, Senici et al. (2010) have reported that 
AAB within their study area was actually higher than that observed for the 1980’s. As 
increased pressure ridging has been linked to many of the LWE fire events it is possible 
that the longer-term fire history reconstruction may provide a record of past climatic 
fluctuations.  
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 2.4.2 Millennial Lake of the Woods fire history 
 2.4.2.1 Long-term CHAR record  
 Despite some incongruity between fire events identified from archival, tree-ring 
and CHAR records over the last 2-3 centuries, the CHAR and peak analysis over longer 
periods may provide important insight into fire occurrence and frequency through time. 
Within the LWE, the CHAR was highest in the earlier portion of the record and lowest 
towards the end of the LIA. This may indicate that fire frequency or area burned has been 
decreasing through the latter portion of the Holocene. The long-term composite CHAR 
record, in particular, revealed the highest CHAR occurrence was around 200 BCE and 
was broadly consistent with the North American CHAR composite results of Marlon et 
al. (2013). This increased CHAR around 200 BCE corresponds with other studies from 
central North America (Senici et al. 2013; Senici et al. 2015) as well as with the highest 
temperatures of North America for the last 2,000 years (Marlon et al. 2008). The 
maximum CHAR around 200 BCE is also consistent with a period of decreased moisture 
availability in central North America. For example, Haig et al. (2013) examined diatom 
species assemblages within their sediment cores and revealed that the presence of 
shallower water species in a deep-water lake sediment core around 2000 BP indicated 
that lake water levels were over a meter below the Holocene average. In relation to fire 
occurrence, Senici et al. (2013) observed that the increased CHAR around 200 BCE in 
the Thunder Bay area was associated with a longer-term pattern of decreased median fire 
return interval (hereafter mFRI) between 4000-2000 BP (~2000-0 BCE). Following the 
maximum CHAR, the prolonged CHAR decrease within the long-term composite record 
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until the mid to late Little Ice Age (LIA), with the exception of the Medieval Climate 
Anomaly (MCA), is consistent with reports of cooler conditions, decreased biomass 
burning (Marlon et al. 2008), and longer mFRI for central North America (Senici et al. 
2013; Senici et al. 2015). For the recent (1670-2010) period the long-term charcoal 
composite record showed that CHAR has been continually increasing, whereas the short-
term charcoal composite record revealed that CHAR decreased following the tree-ring 
record of large fires in the 19
th
 century. This discrepancy was a result of variability within 
the recent composite record being removed through the 500 year smoothing procedure of 
the long-term composite record and suggested that this method provided an 
underestimation of past-fire variability. Additional work examining how different 
parameters for charcoal composite record construction influence the long-term CHAR 
profile is suggested. 
 
 In relation to LWE fire activity, the fire free interval distribution (FFId) and 
median fire free interval (mFFI) records revealed that lakes were broadly grouped along a 
west to east gradient. Within the LWE, the northwestern and northeastern FFId and mFFI 
grouping was also reflected in sedimentation rates that were broadly similar among 
Manitoba lakes and among Ontario lakes. This grouping was observed despite variable 
topographical and vegetation characteristics between lakes and suggested large-scale 
climatic conditions were important for frequent fire occurrence. Within eastern North 
America, Carcaillet et al. (2001b) also revealed that climatic fluctuations ~2000 years BP 
had a larger influence on the fire regime than did fluctuations in vegetation composition. 
Within central North America Senici et al. (2015) also observed that climate was the 
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predominant driver of fire frequency, particularly for the latter half of the Holocene, with 
vegetation connectivity playing a larger role in fire frequency for the earlier half of the 
Holocene. Within the LWE the influence of the fire regime on vegetation distribution is 
also evident through the presence of red pine only within the two sites with the longest 
mFFI (Lakes O4 and O6) and their exclusion around lakes with shorter mFFI. The 
association between CHAR peaks and larger fire events suggested that the area around 
Lakes O4 and O6 was characterized by more frequent fire associated with a surface or 
mixed fire regime rather than a crown fire regime. Flannigan and Bergeron (1998) 
observed a similar trend in eastern North America where red pine was excluded from 
northern regions by higher fire activity.  
 
 In relation to vegetation composition, studies have revealed that increases and 
decreases in relative wood and grass type charcoal may be indicative of changes in fire 
frequency or type (Jensen et al. 2007; Aleman et al. 2013; Blarquez et al. 2015). For 
example, Jensen et al. (2007) observed that increased wood morphotypes were associated 
with closed forest canopies, whereas increased grass morphotypes were associated with 
forest canopies that were more open. This implied that lakes with higher wood charcoal, 
such as Lakes M14, M16, O4, O6, and O15 may have been characterized by more closed 
forests with Lakes M15, M34 and O14 characterized by more open forests. Further, 
Enache and Cumming (2006) indicated that an increase of wood morphotypes was a good 
indicator of fire activity, particularly for high intensity crown fires. This suggested that 
additional research comparing charcoal morphotypes to pollen records is needed to better 
understand the vegetation signal contained within the charcoal morphotype record. 
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Similarly, transformation of the charcoal morphotype record to a CHAR morphotype 
record and comparison to the multi-millennial CHAR record is needed to better 
understand the fire signal contained within the charcoal morphotype record. Although 
still relatively new, the analysis of charcoal morphotypes is a promising area of research 
that has the potential to provide supplementary information for the reconstruction of 
forest composition and structure, as well as fire type, severity and frequency over time. 
 
 2.4.2.2 CHAR record in relation to the Medieval Climate Anomaly and Little 
Ice Age 
 Within the long-term CHAR record, there was no sustained increase in CHAR 
values in association with the MCA that would suggest that fire activity was higher. The 
CHAR composite record revealed that fire activity may have even decreased at the 
beginning of the MCA. However, the CHAR record suggested that fire activity during the 
MCA was generally higher than that observed for the post-MCA period. Mann et al. 
(2009) have revealed that the MCA was a climatic anomaly that did not occur 
everywhere on earth and that it did not show a consistent temperature increase for the 
entire period. However, Haig et al. (2013) reported that MCA conditions resulted in 
lower water levels within northwestern Ontario. Within the LWE it appeared MCA 
CHAR was an extension of conditions that prevailed between ~1600 to 800 BP and was 
consistent with results from ELA-320 and Northwest Lake of Lynch et al. (2004a). This 
suggested that, although LWE temperatures may not have increased during the MCA, 
moisture conditions may have decreased, potentially leading to increased fire frequency.  
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 Following the MCA, the CHAR resumed its progressive decrease where the 
composite record revealed the lowest CHAR values for the entire record occurred during 
the LIA around 1600 CE. Haig et al. (2013) revealed that, following the MCA, lake water 
levels in northwestern Ontario returned to their higher, pre-MCA, levels around the 
beginning of the LIA. Therefore, the cooler wetter conditions responsible for this lake 
level change may also have contributed to the decrease in fire occurrence during the LIA 
reported within central North America (Swain 1973; Marlon et al. 2013; Senici et al. 
2013). Following the lowest CHAR values around 1600 CE, the trend towards decreasing 
CHAR shifted to one where CHAR was increasing and suggested fire occurrence within 
the LWE began to increase midway through the LIA. Senici et al. (2013) and Senici et al. 
(2015) observed a similar trend in the Thunder Bay area where mFRI was generally 
shorter towards the end of the record implying that fire activity has been increasing. 
 
 Near the end of the LIA (~1900 CE), LWE CHAR and tree-ring records suggested 
that fire occurrence shifted from large, widespread crown fires to a period characterized 
by smaller fire events. The observation of short-term drought and increased climatic 
heterogeneity during the 20
th
 century is supported by the tree ring-width index where an 
absence of prolonged above or below average ring-widths beginning in the 1930’s 
suggested that fluctuations in climatic conditions were of shorter duration. This shift is 
consistent with reports of a transition to warmer temperatures (Viau et al. 2012), a shorter 
duration of drought conditions (Fauria and Johnson 2008), and a more heterogeneous 
distribution of prolonged wet and dry periods compared to the MCA and LIA (Sauchyn 
and Skinner 2001; Laird et al. 2003; St. George et al. 2009). Although the general 
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correspondence between the long-term CHAR record and climatic fluctuations suggested 
that past climate changes were responsible for changes in long-term fire frequency and 
severity, the long-term fire regime may also have been influenced by human activities 
and requires further examination.  
 
 2.4.2.3 Millennial fire history in relation to human history 
 The archaeological evidence suggests Aboriginal populations have been present in 
North America for at least 9,000 years (Johnson and Miyanishi 2012). During this time, 
fire has routinely been applied across North America for a variety of purposes, including 
maintenance of berry patches (Ferguson 2011; Anderton 1999; Davidson-Hunt 2003), 
improvement of grazing for hunting purposes (Day 1953; Ferguson 2011; Boyd 2002; 
Davidson-Hunt 2003; Johnson and Miyanishi 2012), and in inter-tribal warfare 
(Davidson-Hunt 2003). Modern burning practices of the Anishinaabe people of central 
North America (Miller and Davidson-Hunt 2010) and the Slave people of northern 
Alberta (Ferguson 2011) indicate that traditional methods of lighting fires during periods 
of low fire risk allowed the extent of purposefully set fires to be limited. For example, 
Ferguson (2011) revealed that the burning practices of the Slave people were to leave 
campfires burning in the fall when vacating an area with the expectation that sufficient 
fall snow-cover would limit the extent and severity of the burn. Davidson-Hunt (2003) 
revealed that written reports of these fire events indicated that the intention of purposely 
set fires was to occasionally burn an extensive area. Although traditional burning 
practices may have been effective at limiting area burned in the majority of cases, there 
would have existed the possibility of a particular fire becoming much larger than 
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intended or of fires occurring accidentally. For example, Rannie (2001) referenced 
documentation from HBC records of a severe prairie fire that was accidentally set on 
December 1, 1800 and revealed that a fire could become very large despite ignition so 
late in the fire season. However, situations like this may have been limited to the prairies 
as forested areas burned less easily because of a better ability of preventing snowfall from 
blowing away (Ferguson 2011). Purposeful ignition of fire would potentially be expected 
to rarely result in an unanticipated widespread fire as it would not have been lit if the 
conditions were not appropriate. Although Aboriginal populations have routinely applied 
fire to the landscape (Davidson-Hunt 2003), and assuming that fire application was 
relatively constant through time, the progressive decrease in fire occurrence within the 
LWE during the last 2,500 years suggests that fire usage by aboriginal populations had a 
limited effect on the overall fire record. Therefore, the decreasing fire occurrence over 
the last few millennia appeared to be primarily related to climatic conditions. 
 
 2.4.3 Conclusion 
 The focus of this research was to reconstruct a 1) recent fire history for a portion 
of the Lake of the Woods Ecoregion (LWE) using archival, tree-ring, and lake sediment 
charcoal records, and 2) multi-millennial fire history using the long-term charcoal record. 
To this end, overlapping sediment cores collected from eight lakes were dated and 
analyzed to obtain the fire history from charcoal particles >160 µm in size. The modern 
fire history, reconstructed from tree rings using stand initiation, ring widths and fire-scar 
records, revealed that major fires occurred in 1805, 1840, 1863 and the 1890’s, with the 
1890’s representing the last period of widespread stand replacing fires around the lakes 
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until the 1980’s. The archival and tree-ring records revealed additional large (>200 ha) 
fires in 1948, 1980 and 1989, whereas fires were also identified by the fire-scar record in 
1756, 1820, 1842, 1881, 1886, 1888, 1906, 1926, 1930, 1932, 1936, 1951, and 1977. 
Many of the archival and tree-ring fire records corresponded to periods of drought and 
increased fire activity reported throughout central and western North America suggesting 
that climate has been a predominant driver of fire activity. 
 
 In relation to the tree-ring record, peak analysis of the CHAR record better 
reflected high severity, low frequency fire events. Peak analysis parameters that used the 
recent median sample resolution produced better results than the sample resolution for the 
entire record. Similarly, a shorter smoothing window better identified CHAR peaks than 
a longer window. Peak analysis of the CHAR record failed to identify several fire events, 
particularly those occurring in close succession. This suggested that peak analysis is more 
adequate when detecting infrequent fires compared to more frequent ones. Fire events 
may also have been missed because of a lack of charcoal deposition associated with 
unfavourable wind direction or in association with a skip distance that can occur in 
relation to high intensity fires. The CHAR record also tended to lag behind fires 
identified from tree-ring data by several decades and was potentially related to 
taphonomic processes and/or to artefacts associated with the sampling and dating 
processes. Therefore, fire events identified in the CHAR record provided a conservative 
estimate of fire occurrence. 
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 The analysis of the multi-millennial charcoal record revealed that CHAR was 
higher for each lake in the earlier portion of the record followed by a progressive 
decrease towards the more recent record. The highest CHAR was observed ~200 BCE, 
with the lowest observed ~1600 CE. In relation to LWE fire activity, the fire free interval 
distribution (FFId), median fire free interval (mFFI), and sedimentation rate revealed that 
records were generally similar among Manitoba lakes, among Ontario lakes, and among 
ELA-320 and Northwest Lake. In relation to vegetation composition and structure, 
charcoal morphology may indicate that Lakes M14, M16, O4, O6, and O15 have been 
characterized by more closed forests with Lakes M15, M34 and O14 characterized by 
more open forests.  
 
 Within the long-term composite CHAR record, higher CHAR values occurred in 
association with the MCA compared to the post-MCA period. Following the MCA, the 
CHAR decreased to the lowest values for the entire record around 1600 CE. Following 
the lowest CHAR values, CHAR began increasing after 1600 CE and suggested fire 
occurrence within the LWE began to increase midway through the LIA. Near the end of 
the LIA (~1900 CE), fire occurrence appeared to have shifted from large, widespread 
crown fires to a period characterized by smaller fire events that coincided with changes in 
settlement and climate changes associated with the end of the LIA. The long-term fire 
history record and climatic fluctuations suggested that past climate changes were more 
influential on long-term fire frequency and severity compared to the influence of human 
activities.   
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 The archival, tree-ring and CHAR records generally provided a fire history 
reconstruction that agreed with reported long-term changes in climate and land-use 
within central North America. The general agreement with reported long-term climate 
and fire, as well as the spatial heterogeneity between lakes present several opportunities 
for future research: 
 1) Complete the CHAR analysis for the eight lakes to assess the long-term 
 Holocene fire record in order to better place modern fire regimes into a post-
 glacial context. 
 2) Examine how additional dating at the transition between 
210
Pb and 
14
C 
 dated cores, as well as the omission of 
210
Pb dated sediments affects peak 
 analysis and the fit among archival, tree-ring, and CHAR records. 
 3) Conduct the pollen analysis to examine changes in vegetation and how they 
contributed to changes in the long-term fire regime. 
 4)  Examine the charcoal morphology record in greater depth to better assess 
the record against pollen reconstructions of vegetation changes and the relationship of 
both records to the long-term CHAR reconstruction of fire events. 
 5) It is recommended that fire history reconstructions from CHAR be 
conducted using multi-lake and multi-proxy records so as to better decipher signals 
from noise and sort out variability among lakes. The variability in the CHAR record 
among lakes and in relation to the archival and tree-ring data suggest that fire 
histories conducted through CHAR alone, or from a limited number of lakes may be 
overlooking considerable variability across relatively small spatial scales. 
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 6)  The potential for diatom analyses to identify periods of drought and 
potential remobilization of charcoal in relation to periods of water level changes may 
also be a powerful tool for fire history reconstructions.
 128 
 
3.0 Bibliography 
Aleman JC, Blarquez O, Bentaleb I, Bonté P, Brossier B, Carcaillet C, Gond V, Gourlet-
Fleury S, Kpolita A, Lefèvre I, Oslisly R, Power MJ, Yongo O, Bremond L, Favier C. 
2013. Tracking land-cover changes with sedimentary charcoal in the Afrotropics. The 
Holocene 23: 1853-1862. 
Alexander ME. 1981. Forest fire research in Ontario: A problem analysis. Pp 96-109. In 
Stokes MA, Dieterich JH. (technical coordinators). Proceedings of the Fire History 
Workshop, October 20-24, 1980, Tucson, Arizona. USDA Forest Service, Rocky 
Mountain Forest and Range Experiment Station, General Technical Report RM 81, Fort 
Collins, Colorado, USA. 
Ali AA, Asselin H, Larouche AC, Bergeron Y, Carcaillet C, Richard PJH. 2008. Changes 
in fire regime explain the Holocene rise and fall of Abies balsamea in the coniferous 
forests of western Quebec, Canada. The Holocene 18: 693-703. 
Ali AA, Carcaillet C, Bergeron Y. 2009a. Long-term fire frequency variability in the 
eastern Canadian boreal forest: the influences of climate vs. local factors. Global Change 
Biol. 15:  1230-1241. 
Ali AA, Higuera PE, Bergeron Y, Carcaillet C. 2009b. Comparing fire-history 
interpretations based on area, number and estimated volume of macroscopic charcoal in 
lake sediments. Quat. Res. 72: 462-468. 
Ali AA, Blarquez O, Girardin MP, Hély C, Tinquaut F, El Guellab A, Valsecchi V, 
Terrier A, Bremond L, Genries A, Gauthier S. 2012.  Control of the multimillennial 
wildfire size in boreal North America by spring climatic conditions. PNAS. 109: 20966-
20970. 
Anderton JB. 1999. Native American, fire maintained blueberry patches in the coastal 
pine forests of the northern Great Lakes. Gt. Lakes Geogr. 6: 29-39. 
Appleby PG. 2001. Chronostratigraphic techniques in recent sediments. Pp 171-203. In 
Last WM, Smol JP. (eds). Tracking Environmental Change Using Lake Sediments 
Volume 1: Basin Analysis, Coring and Chronological Techniques. Kluwer Academic 
Publishers, Dordrecht, the Netherlands. 
Archibald S, Staver AC, Levin SA. 2012. Evolution of human-driven fire regimes in 
Africa. PNAS. 109: 847-852. 
Arno SF, Sneck KM. 1977. A method for determining fire history in coniferous forests of 
the mountain west. General Technical Report Int-42. Ogden, UT: US. Department of 
Agriculture, Forest Service, Intermountain Forest and Range Experiment Station. Ogden, 
Utah, USA.  
Asselin H, Payette S. 2005. Detecting local-scale fire episodes on pollen slides. Rev. 
Palaeobot. Palynol. 137: 31-40. 
 129 
 
Asselin H, Payette S. 2006. Origin and long-term dynamics of a subarctic tree line. 
Écoscience 13: 135-142. 
Asselin H, Fortin M, Bergeron Y. 2001. Spatial distribution of late successional 
coniferous species regeneration following disturbance in southwestern Quebec boreal 
forest. For. Ecol. Manag. 140: 29-37. 
Baker WL. 1992. Effects of settlement and fire suppression on landscape structure. 
Ecology 73: 1879-1887.  
Bergeron Y. 1991. The influence of island and mainland lakeshore landscapes on boreal 
forest fire regimes. Ecology 72: 1980-1992. 
Bergeron Y. 2000. Species and stand dynamics in the mixed woods of Quebec’s southern 
boreal forest. Ecology 81: 1500-1516. 
Bergeron Y, Brisson J. 1990. Fire regime in red pine stands at the northern limit of the 
species' range. Ecology 71: 1352-1364. 
Bergeron Y, Charron D. 1994. Postfire stand dynamics in a southern boreal forest 
(Québec): a dendroecological approach. Écoscience. 1: 173-84. 
Bergeron Y, Dubuc M. 1989. Succession in the southern part of the Canadian boreal 
forest. Vegetatio 79: 51-63. 
Bergeron Y, Gauthier S, Kafka V, Lefort P, Lesieur D. 2001. Natural fire frequency for 
the eastern Canadian boreal forest: consequences for sustainable forestry. Can. J. For. 
Res. 31: 384-391. 
Bergeron Y, Leduc A, Harvey BD, Gauthier S. 2002. Natural fire regime: A guide for 
sustainable management of the Canadian boreal forest. Silva Fenn. 36: 81-95. 
Beta Analytic 2016 [online]. Retrieved from http://www.radiocarbon.com/. 
Bessie WC, Johnson EA. 1995. The relative importance of fuels and weather on fire 
behavior in subalpine forests. Ecology 76: 747-762. 
Beverly JL. 1998. Management and history of fire in Wabakimi Provincial Park, 
northwestern Ontario (Master’s thesis. University of Toronto). Retrieved from 
https://tspace.library.utoronto.ca/handle/1807/12338. 
Beverly JL, Martell DL. 2005. Characterizing extreme fire and weather events in the 
Boreal Shield ecozone of Ontario. Agr. For. Meteorol. 133: 5-16. 
Binford MW. 1990. Calculation and uncertainty analysis of 210Pb dates for PIRLA 
project lake sediment cores. J. Paleolimnol. 3: 253-267. 
Björk S. 1985. Deglacial chronology and revegetation in northwestern Ontario. Can. J. 
Earth Sci. 22: 850-871. 
 130 
 
Björk S, Wohlfarth B. 2001. 
14
C Chronostratigraphic techniques in paleolimnology. Pp 
205-245. In Last WM, Smol JP. (eds). Tracking Environmental Change Using Lake 
Sediments Volume 1: Basin Analysis, Coring and Chronological Techniques. Kluwer 
Academic Publishers, Dordrecht, the Netherlands. 
Blackford JJ. 2000. Charcoal fragments in surface samples following a fire and the 
implications for interpretation of subfossil charcoal data. Palaeogeogr. Palaeocl. 164: 33-
42. 
Blais JM, France RL, Kimpe LE, Cornett RJ. 1998. Climatic changes in northwestern 
Ontario have had a greater effect on erosion and sediment accumulation than logging and 
fire: Evidence from 
210
Pb chronology in lake sediments. Biogeochem. 43: 235-252. 
Blarquez O, Vannière B, Marlon JR, Daniau A-L, Power MJ, Brewer S, Bartlein PJ. 
2014. paleofire: an R package to analyse sedimentary charcoal records from the Global 
Charcoal Database to reconstruct past biomass burning. Computat. Geosci. 72: 255-261. 
Blarquez O, Ali AA, Girardin MP, Grondin P, Fréchette B, Bergeron Y, Hély C. 2015. 
Regional paleofire regimes affected by non-uniform climate, vegetation and human 
drivers. Sci. Rep. 5: 1-13. 
Bonan GB, Shugart HH. 1989. Environmental factors and ecological processes in boreal 
forests. Annu. Rev. Ecol. Syst. 20: 1-28. 
Bonsal BR, Aider R, Gachon P, Lapp S. 2013. An assessment of Canadian prairie 
drought: past, present, and future. Clim. Dynam. 41: 501-516. 
Boulanger Y, Gauthier S, Burton PJ, Vaillancourt MA. 2012. An alternative fire regime 
zonation for Canada. Int. J. Wildland Fire 21: 1052-1064. 
Bourgeau-Chavez LL, Alexander ME, Stocks BJ, Kasischke ES. 2000. Distribution of 
forest ecosystems and the role of fire in the North American boreal region. Pp 111-131. 
In Kasischke ES, Stocks BJ (eds). Fire, Climate Change, and Carbon Cycling in the 
boreal forest. Springer-Verlag, New York, New York, USA. 
Bowman DMJS, O’Brien JA, Goldammer JG. 2013. Pyrogeography and the global quest 
for sustainable fire management. Annu. Rev. Env. Resour. 38: 57-80. 
Boyd M. 2002. Identification of anthropogenic burning in the paleoecological record of 
the northern prairies: a new approach. Ann. Assoc. Am. Geogr. 92:471-487. 
Bradbury JP. 1996. Charcoal deposition and redeposition in Elk Lake, Minnesota, USA. 
The Holocene 6: 339-344. 
Brassard BW, Chen HYH. 2006. Stand structural dynamics of North American boreal 
forests. Crit. Rev. Plant Sci. 25: 115-137. 
 131 
 
Brassard BW, Chen HYH, Wang JR, Duinker PN. 2008. Effects of time since stand-
replacing fire and overstory composition on live-tree structural diversity in the boreal 
forest of central Canada. Can. J. For. Res. 38: 52-62. 
Brossier B, Oris F, Finsinger W, Asselin H, Bergeron Y, Ali AA. 2014. Using tree-ring 
records to calibrate peak detection in fire reconstructions based on sedimentary charcoal 
records. The Holocene 24: 635-645. 
Brotak EA, Reifsnyder WE. 1977. An investigation of the synoptic situations associated 
with major wildland fires. J. Appl. Meteorol. 16: 867-870. 
Campbell ID, Campbell C. 2000. Late Holocene vegetation and fire history at the 
southern boreal forest margin in Alberta, Canada. Palaeogeogr. Palaeocl. 164: 263-280. 
Caners RT, Kenkel NC. 2003. Forest stand structure and dynamics at Riding Mountain 
National Park, Manitoba, Canada. Comm. Ecol. 4:185-204. 
Carcaillet C, Richard PJH. 2000. Holocene changes in seasonal precipitation highlighted 
by fire incidence in eastern Canada. Clim. Dynam. 16: 549-559. 
Carcaillet C, Bergeron Y, Richard PJH, Frechette B, Gauthier S, Prairie YT. 2001a. 
Change of fire frequency in the eastern Canadian boreal forests during the Holocene: 
does vegetation composition or climate trigger the fire regime? J. Ecol. 89: 930-946. 
Carcaillet C, Bouvier M, Frechette B, Larouche A, Richard PJH. 2001b. Comparison of 
pollen-slide and sieving methods in lacustrine charcoal analyses for local and regional 
fire. The Holocene 11: 467-476. 
Carcaillet C, Richard PJH, Asnong H, Capece L, Bergeron Y. 2006. Fire and soil erosion 
history in East Canadian boreal and temperate forests. Quat. Sci. Rev. 25: 1489-1500. 
Chandler C, Cheney P, Thomas P, Trabaud L, Williams D. 1983. Fire in Forestry. Wiley, 
New York, New York, USA. 
Chen HYH, Popadiouk RV. 2002. Dynamics of North American boreal mixedwoods. 
Environ. Rev. 10: 137-166. 
Clark JS. 1988a. Particle motion and the theory of charcoal analysis: source area 
transport deposition and sampling. Quat. Res. 30: 67-80. 
Clark JS. 1988b. Stratigraphic charcoal analysis on petrographic thin sections: application 
to fire history in northwestern Minnesota. Quat. Res. 30: 81-91. 
Clark JS. 1989. Effects of Long-Term Water Balances on Fire Regime, North-Western 
Minnesota. J. Ecol. 77: 989-1004. 
Clark JS. 1990. Fire and Climate Change during the last 750 Yr in northwestern 
Minnesota. Ecol. Monogr. 60: 135-159. 
 132 
 
Clark JS, Royall PD. 1995. Particle-size evidence for source areas of charcoal 
accumulation in late Holocene sediments of eastern North American lakes. Quat. Res. 43: 
80-89. 
Clark JS, Hussey TC. 1996. Estimating the mass flux of charcoal from sedimentary 
records: effects of particle size, morphology, and orientation. The Holocene 6: 129-144. 
Clark JS, Lynch J, Stocks BJ, Goldammer JG. 1998. Relationships between charcoal 
particles in air and sediments in west-central Siberia. The Holocene 8: 19-29. 
Cohen AS. 2003. Paleolimnology: the History and Evolution of Lake Sediments. Oxford 
University Press, New York, New York, USA. 
Conedera M, Tinner W, Neff C, Meurer M, Dickens AF, Krebs P. 2009. Reconstructing 
past fire regimes: Methods, applications, and relevance to fire management and 
conservation. Quat. Sci. Rev. 28: 555-576. 
Cook ER, Holmes RL. 1999. Users manual for Program ARSTAN. Laboratory of 
Tree-Ring Research, University of Arizona, Tucson, Arizona, USA. 
Crins WJ, Gray PA, Uhlig PWC, Wester MC. 2009. The ecosystems of Ontario, part 1: 
Ecozones and ecoregions. Ontario Ministry of Natural Resources, Peterborough, Ontario, 
Canada.  
Cyr D, Gauthier S, Bergeron Y. 2007. Scale-dependent determinants of heterogeneity in 
fire frequency in a coniferous boreal forest of eastern Canada. Landscape Ecol. 22: 1325-
1339. 
Dansereau PR, Bergeron Y. 1993. Fire history in the southern boreal forest of 
northwestern Quebec. Can. J. For. Res. 23: 25-32. 
Davidson-Hunt IJ. 2003. Indigenous lands management, cultural landscapes and 
Anishinaabe people of Shoal Lake, Northwestern Ontario, Canada. Environments 31: 21-
42. 
 
Day GM. 1953. The Indian as an ecological factor in the Northeastern Forest. Ecology 
34: 329-346. 
 
De Grandpré L, Morissette J, Gauthier S. 2000. Long-term post-fire changes in the 
northeastern boreal forest of Quebec. J. Veg. Sci. 11: 791-800. 
de Groot WJ, Cantin AS, Flannigan MD, Soja, AJ, Gowman LM, Newbery A. 2013. A 
comparison of Canadian and Russian boreal forest fire regimes. For. Ecol. Manag. 294: 
23-34. 
Dickason OP. 1992. Canada's First Nations: A History of Founding Peoples from Earliest 
Times. University of Oklahoma Press, Norman, Oklahoma, USA. 
 133 
 
Dyke AS. 2005. Late Quaternary vegetation history of northern North America based on 
pollen, macrofossil and faunal remains. Géogr. Phys. Quat. 59: 211-262. 
Ecological Stratification Working Group. 1996. A national ecological framework for 
Canada. Ecological Stratification Working Group. Agriculture and Agri-Food Canada, 
Research Branch, Centre for Land and Biological Resources Research and Environment 
Canada, State of the Environment Directorate, Ecozone Analysis Branch, Ottawa/Hull, 
Ontario, Canada.  
 
Enache M, Cumming BF. 2006. Tracking recorded fires using charcoal morphology from 
the sedimentary sequence of Prosser Lake, British Columbia (Canada). Quat. Res. 65: 
282-292. 
Engelmark O, Bradshaw R, Bergeron Y. 1993. Introduction. J. Veg. Sci. 4: 730-732. 
Falk DA, Heyerdahl EK, Brown PM, Farris C, Fulé P, McKenzie D, Swetnam TW, 
Taylor AH, Van Horne ML. 2011. Multi-scale controls of historical forest-fire regimes: 
new insights from fire-scar networks. Front. Ecol. Environ. 9: 446-454. 
Fauria MM, Johnson EA. 2006. Large-scale climatic patterns control large lightening fire 
occurrence in Canada and Alaska forest regions. J. Geophys. Res. 111: G04008. 
Fauria MM, Johnson EA. 2008. Climate and wildfires in the North American boreal 
forest. Philos. T. R. Soc. B. 363: 2317-2329. 
Ferguson TA. 2011. “Careless fires” and “smoaky weather”: The documentation of 
prescribed burning in the Peace–Athabasca trading post journals 1818–1899. For. Chron. 
87: 414-419. 
Flannigan MD, Bergeron Y. 1998. Possible role of disturbance in shaping the northern 
distribution of Pinus resinosa. J. Veg. Sci. 9: 477-482. 
Flannigan MD, Wotton BM. 2001. Climate, weather and area burned. Pp 335-357. In 
Johnson, E.A. and Miyanishi, K. (eds.), Forest Fires: Behavior & Ecological Effects. 
Academic Press, San Diego, California, USA. 
Flannigan M, Campbell I, Wotton M, Carcaillet C, Richard P, Bergeron Y. 2001. Future 
fire in Canada’s boreal forest: paleoecology results and general circulation model-
regional climate model simulations. Can. J. For. Res. 31: 854-864. 
Flannigan MD, Logan KA, Amiro BD, Skinner WR, Stocks BJ. 2005. Future area burned 
in Canada. Climatic Change 72: 1-16. 
Flannigan MD, Cantin AS, de Groot WJ, Wotton M, Newbery A, Gowman LM. 2013. 
Global wildland fire severity in the 21st century. For. Ecol. Manag. 294: 54-61. 
Flannigan MD, Krawchuk MA, de Groot WJ, Wotton BM, Gowman LM. 2009. 
Implications of changing climate for global wildland fire. Int. J. Wildland Fire 18: 483-
507. 
 134 
 
Frissell SS. 1973. The importance of fire as a natural ecological factor in Itasca State 
Park, Minnesota. Quat. Res. 3: 397-407. 
Fritts, HC, 1976. Tree Rings and Climate. Academic Press, London, England. 
Fritz R, Suffling R, Younger TA. 1993. Influence of fur trade, famine and forest fires on 
moose and woodland caribou populations in northwestern Ontario from 1786 to 1911. 
Environ. Manage. 17: 477-489. 
Gajewski K, Winkler MG, Swain AM. 1985. Vegetation and fire history from three lakes 
with varved sediments in northwestern Wisconsin (U.S.A). Rev. Palaeobot. Palyno. 44: 
277-292. 
Gardner JJ, Whitlock C. 2001. Charcoal accumulation following a recent fire in the 
Cascade Range, northwestern USA, and its relevance for fire-history studies. The 
Holocene 5: 541-549. 
Gąsiorowski M. 2008. Deposition rate of lake sediments under different alternative stable 
states. Geochronometria 32: 29-35. 
Gauthier S, De Grandpré L,  Bergeron Y. 2000. Differences in forest composition in two 
boreal forest ecoregions of Quebec. J. Veg. Sci. 11: 781-790. 
Gauthier S, Vaillancourt, M-A, Kneeshaw D, Drapeau P, De Grandpré L, Claveau Y, 
Paré D. 2009. Forest ecosystem management: Origins and foundations. Pp 13-37. In 
Gauthier S, Vaillancourt MA, Leduc A, De Grandpré L, Kneeshaw D, Morin H, Drapeau 
P, Bergeron Y. (eds). Ecosystem management in the boreal forest. Presses de l’Université 
du Québec, Québec, Canada. 
Gavin DG, Brubaker LB, Lertzman KP. 2003. An 1800-year record of the spatial and 
temporal distribution of fire from the west coast of Vancouver Island, Canada. Can. J. 
For. Res. 33: 573-586. 
Genries A, Finsinger W, Asnong H, Bergeron Y, Carcaillet C, Garneau M, Hély C, Ali 
AA. 2012. Local versus regional processes: can soil characteristics overcome climate and 
fire regimes by modifying vegetation trajectories? J. Quat. Sci. 27: 745-756. 
Gillett NP, Weaver AJ, Zweirs FW, Flannigan MD. 2004. Detecting the effect of climate 
change on Canadian forest fires. Geophys. Res. Lett. 31: L18211. 
Girardin MP. 2007. Interannual to decadal changes in area burned in Canada from 1781 
to 1982 and the relationship to Northern Hemisphere land temperatures. Global Ecol. 
Biogeogr. 16: 557-566. 
Girardin MP, Tardif J. 2005. Sensitivity of tree growth to the atmospheric vertical profile 
in the Boreal Plains of Manitoba, Canada. Can. J. For. Res. 35: 48-64. 
 
Girardin MP, Mudelsee M. 2008. Past and future changes in Canadian boreal wildfire 
activity. Ecol. Appl. 18: 391-406. 
 
 135 
 
Girardin MP, Sauchyn D. 2008. Three centuries of annual area burned variability in 
northwestern North America inferred from tree rings. The Holocene 18: 205-214. 
Girardin MP, Wotton BM. 2009. Summer moisture and wildfire risks across Canada. J. 
Appl. Meteorol. Clim. 48. 517-533. 
 
Girardin MP, Ali AA, Hély C. 2010. Wildfires in boreal ecosystems: past, present and 
some emerging trends. Int. J. Wildland Fire. 19: 991-995. 
Girardin MP, Tardif J, Flannigan MD. 2006b. Temporal variability in area burned for the 
province of Ontario, Canada, during the past 200 years inferred from tree rings. J. 
Geophys. Res. 111: D17108. 
Girardin MP, Tardif C, Flannigan MD, Bergeron Y. 2004a. Multicentury reconstruction 
of the Canadian Drought Code from eastern Canada and its relationship with 
paleoclimatic indices of atmospheric circulation. Clim. Dynam. 23: 99-115. 
Girardin MP, Tardif JC, Flannigan MD, Bergeron Y. 2006a. Synoptic-scale atmospheric 
circulation and boreal Canada summer drought variability of the past three centuries. J. 
Climate 19: 1922-1947. 
Girardin MP, Tardif JC, Flannigan MD, Bergeron, Y. 2006c. Forest fire-conducive 
drought variability in the southern Canadian boreal forest and associated climatology 
inferred from tree rings. Can. Water Resour. J. 31: 275-296. 
Girardin MP, Tardif J, Flannigan MD, Wotton BM, Bergeron Y. 2004b. Trends and 
periodicities in the Canadian Drought Code and their relationships with atmospheric 
circulation for the southern Canadian boreal forest. Can. J. For. Res. 34: 103-119. 
Girardin MP, Bergeron Y, Tardif JC, Gauthier S, Flannigan MD, Mudelsee M. 2006d. A 
229-year dendroclimatic-inferred record of forest fire activity for the Boreal Shield of 
Canada. Int. J. Wildland Fire 15: 375-388. 
Girardin MP, Ali AA, Carcaillet C, Gauthier S, Hély C, Le Goff H, Terrier A, Bergeron 
Y. 2012. Fire in managed forests of eastern Canada: Risks and options. For. Ecol. Manag. 
294: 238-249. 
Girardin MP, Ali AA, Carcaillet C, Blarquez O, Hély C, Terrier A, Genries A, Bergeron 
Y. 2013. Vegetation limits the impact of a warm climate on boreal wildfires. New Phytol. 
199: 1001-1011.  
Glew JR. 1991. Miniature gravity corer for recovering short sediment cores. J. 
Paleolimnol. 5: 285-287. 
 
Glew JR, Smol JP, Last WM. 2001. Sediment core extraction and extrusion. Pp 73-105. 
In Last WM, Smol JP. (eds). Tracking Environmental Change Using Lake Sediments 
Volume 1: Basin Analysis, Coring and Chronological Techniques. Kluwer Academic 
Publishers, Dordrecht, the Netherlands. 
 136 
 
Gotelli NJ, Ellison AM. 2004. A Primer of Ecological Statistics. Sinauer Associates 
Publishers, Sunderland, Massachusetts, USA. 
Government of Canada Climate Normals. 2016 [online]. Retrieved from 
http://climate.weather.gc.ca/climate_normals/index_e.html. 
Greene DF, Zasada JC, Sirois L, Kneeshaw D, Morin H, Charron I, Simard M-J. 1999. A 
review of the regeneration dynamics of North American boreal forest tree species. Can. J. 
For. Res. 29: 824-839. 
Grissino Mayer HD, Swetnam TW. 2000. Century scale climate forcing of fire regimes in 
the American Southwest. The Holocene 10: 213-220. 
Gutsell SL, Johnson EA. 1996. How fire scars are formed: coupling a disturbance process 
to its ecological effect. Can. J. For. Res. 26: 166-174. 
Haig HA, Kingsbury MV, Laird KR, Leavitt PR, Laing R, Cumming BF. 2013. 
Assessment of drought over the past two millennia using near-shore sediment cores from 
a Canadian boreal lake. J. Paleolimnol. 50: 175-190. 
 
Harrington JB. 1987. Climatic change: a review of causes. Can. J. For. Res. 17: 1313-
1339. 
 
Heinselman ML. 1973. Fire in the virgin forests of the Boundary Waters Canoe Area, 
Minnesota. Quat. Res. 3: 329-382. 
Héon J, Arseneault D, Parisien MA. 2014. Resistance of the boreal forest to high burn 
rates. PNAS. 111: 13888-13893. 
Herweijer C, Seager R, Cook ER. 2006. North American droughts of the mid to late 
nineteenth century: a history, simulation and implication for Mediaeval drought. The 
Holocene 16: 159-171. 
Higuera PE. 2008. MCAgeDepth 0.1: Probabilistic age-depth models for continuous 
sediment records. User’s Guide, Montana State University, Bozeman, MT; University of 
Illinois, Champaign, Illinois, USA. 
Higuera PE. 2009. CharAnalysis 1.1: Diagnostic and analytical tools for sediment 
charcoal analysis. User’s Guide, Montana State University, Bozeman, MT; University of 
Illinois, Champaign, Illinois, USA. 
Higuera P, Sprugel DG, Brubaker LB. 2005. Reconstructing fire regimes with charcoal 
from small-hollow sediments: a calibration with tree-ring records of fire. The Holocene 
15: 238-251. 
Higuera PE, Peters ME, Brubaker LB, Gavin DG. 2007. Understanding the origin and 
analysis of sediment-charcoal records with a simulation model. Quat. Sci. Rev. 26: 1790-
1809. 
 137 
 
Higuera PE, Brubaker LB, Anderson PM, Hu FS, Brown TA. 2009. Vegetation mediated 
the impact of postglacial climate change on fire regimes in the south-central Brooks 
Range, Alaska. Ecol. Monogr. 79: 201-219. 
Higuera PE, Gavin DG, Bartlein PJ, Hallett DJ. 2010. Peak detection in sediment-
charcoal records: impacts of alternative data analysis methods on fire-history 
interpretations. Int. J. Wildland Fire 19: 996-1014. 
 
Higuera PE, Whitlock C, Gage JA. 2011. Linking tree-ring and sediment-charcoal 
records to reconstruct fire occurrence and area burned in sub-alpine forests of 
Yellowstone National Park, USA. The Holocene 21: 327-341. 
Historical Highway Maps of Manitoba. 2016 [online]. Retrieved from 
http://gov.mb.ca/mit/maparchive/index.html. 
Hogg EH. 1994. Climate and the southern limit of the western Canadian boreal forest. 
Can. J. For. Res. 24: 1835-1845. 
Holmes RL. 1983. Computer assisted quality control in tree ring dating and 
measurement. Tree-Ring Bull. 43: 69-78. 
Hughes MK, Diaz HF. 1994. Was there a ‘Medieval Warm Period’, and if so, where and 
when? Climatic Change 26: 109-142. 
Jensen K, Lynch EA, Calcote R, Hotchkiss SC. 2007. Interpretation of charcoal 
morphotypes in sediments from Ferry Lake, Wisconsin, USA: do different plant fuel 
sources produce distinctive charcoal morphotypes? The Holocene 17: 907-915. 
Johnson EA. 1992. Fire and Vegetation Dynamics: Studies from the North American 
Boreal Forest. Cambridge University Press, New York, New York, USA. 
Johnson EA, Gutsell SL. 1994. Fire frequency models, methods and interpretations. Adv. 
Ecol. Res. 25: 239-287. 
Johnson EA. Miyanishi, K. Weir, JMH. 1998. Wildfires in the western Canadian boreal 
forest: Landscape patterns and ecosystem management. J. Veg. Sci. 9: 603-610.  
Johnson LB, Kipfmueller KF. 2016. A Fire History Derived from Pinus resinosa Ait. for 
the islands of eastern Lac La Croix, Minnesota, USA. Ecol. Appl. 26: 1030-1046. 
Johnson EA, Wowchuck DR. 1993. Wildfires in the southern Canadian Rocky Mountains 
and their relationship to mid-tropospheric anomalies. Can. J. For. Res. 23: 1213-1222. 
Johnson EA, Miyanishi K, Weir JMH. 1998. Wildfires in the western Canadian boreal 
forest: landscape patterns and ecosystem management. J. Veg. Sci. 9: 603-610. 
 
Johnson EA, Miyanishi K. 2012. The boreal forest as a cultural landscape. Ann. NY. 
Acad. Sci. 1249: 151-165. 
 138 
 
Kasischke ES, Turetsky MR. 2006. Recent changes in the fire regime across the North 
American boreal region-Spatial and temporal patterns of burning across Canada and 
Alaska. Geophys. Res. Lett. 33: L09703. 
Kelly RF, Higuera PE, Barrett CM, Hu FS. 2011. A signal-to-noise index to quantify the 
potential for peak detection in sediment-charcoal records. Quat. Res. 75: 11-17. 
Kelly R, Chipman ML, Higuera PE, Stefanova I, Brubaker LB, Hu FS. 2013. Recent 
burning of boreal forests exceeds fire regime limits of the past 10,000 years. PNAS. 110: 
13055-13060. 
Knapp PA, Soulé PT. 2011. Increasing water‐use efficiency and age‐specific growth 
responses of old‐growth ponderosa pine trees in the Northern Rockies. Global Change 
Biol. 17: 631-641. 
 
Krezek-Hanes CC, Ahern FJ, Cantin A, Flannigan MD. 2011. Trends in large fires in 
Canada, 1959‐2007. Canadian Biodiversity: Ecosystem Status and Trends 2010, 
Technical Thematic Report No. 6. Canadian Councils of Resource Ministers. Ottawa, 
Ontario, Canada. 
 
Lacey P. 1996. Tramway to the Pointe: The Winnipeg Hydro tramway 1907-1996. Peter 
Lacey, Winnipeg, Manitoba, Canada. 
 
Laird LD, Campbell ID. 2000. High resolution palaeofire signals from Christina Lake, 
Alberta: a comparison of the charcoal signals extracted by two different methods. 
Palaeogeogr. Palaeocl. 164: 111-123. 
Laird KR, Cumming BF, Wunsam S, Rusak JA, Oglesby RJ, Fritz SC, Leavitt PR. 2003. 
Lake sediments record large-scale shifts in moisture regimes across the northern Prairies 
of North America during the past two Millennia. PNAS. 100: 2483-2488. 
Laird KR, Haig HA, Susan MA, Kingsbury MV, Brown TA, Lewis CFM, Oglesby RJ, 
Cumming BF. 2012. Expanded spatial extent of the Medieval Climate Anomaly revealed 
in lake-sediment records across the boreal region in northwest Ontario. Global Change 
Biol. 18: 2869-2881. 
Larsen JA. 1980. History of the boreal vegetation. Pp 19-48. In Larsen JA (ed). The 
boreal ecosystem. Academic Press, New York, USA. 
Larsen CPS. 1996. Fire and climate dynamics in the boreal forest of northern Alberta, 
Canada, from AD 1850 to 1989. The Holocene 6: 449-456. 
Larsen CPS. 1997. Spatial and temporal variations in boreal forest fire frequency in 
northern Alberta. J. Biogeogr. 24: 663-673. 
Larsen CP, MacDonald GM. 1993. Lake morphometry, sediment mixing and the 
selection of sites for fine resolution palaeoecological studies. Quat. Sci. Rev. 12: 781-
792. 
 
 139 
 
Larsen CPS, MacDonald GM. 1995. Relations between tree-ring widths, climate, and 
annual area burned in the boreal forest of Alberta. Can. J. For. Res. 25: 1746-1755. 
 
Larsen CPS, MacDonald GM. 1998a. Fire and vegetation dynamics in a jack pine and 
black spruce forest reconstructed using fossil pollen and charcoal. J. Ecol. 86: 815-828. 
Larsen CPS, MacDonald GM. 1998b. An 840-year record of fire and vegetation in a 
boreal white spruce forest. Ecology 79: 106-118. 
Last WM, Teller JT. 1983. Holocene climate and hydrology of the Lake Manitoba Basin. 
Pp 333-353. In Teller JT, Clayton L. (eds). Glacial Lake Agassiz. Geological Association 
of Canada Special Paper 26. Winnipeg, Manitoba, Canada. 
Lefort P, Gauthier S, Bergeron Y. 2003. The influence of fire weather and land use on the 
fire activity of the Lake Abitibi area, eastern Canada. For. Sci. 49: 509-521. 
Le Goff H, Flannigan MD, Bergeron Y, Girardin MP. 2007. Historical fire regime shifts 
related to climate teleconnections in the Waswanipi area, central Quebec, Canada. Int. J. 
Wildland Fire 16: 607-618. 
Lesieur D, Gauthier S, Bergeron Y. 2002. Fire frequency and vegetation dynamics for the 
south-central boreal forest of Quebec, Canada. Can. J. For. Res. 32: 1996-2009. 
Lévesque PEM, Dinel H, Larouche A. 1988. Guide to the identification of plant 
macrofossils in Canadian peatlands. Publication No. 1817, Land Resource Centre, 
Research Branch. Agriculture Canada, Ottawa, Ontario, Canada.  
Linder P, Elfving B, Zackrisson O. 1997. Stand structure and successional trends in 
virgin boreal forest reserves in Sweden. For. Ecol. Manag. 98: 17-33. 
Liu, KB. 1990. Holocene paleoecology of the boreal forest and Great Lakes-St. Lawrence 
forest in northern Ontario. Ecol. Monogr. 60: 179-212. 
Long CJ, Whitlock C, Bartlein PJ, Millspaugh SH. 1998. A 9000-year fire history from 
the Oregon Coast Range, based on a high-resolution charcoal study. Can. J. For. Res. 28: 
774-787. 
Long CJ, Whitlock C, Bartlein PJ. 2007. Holocene vegetation and fire history of the 
Coast Range, western Oregon, USA. The Holocene 17: 917-926. 
Love D. 1959. The postglacial development of the flora of Manitoba: A discussion. Can. 
J. Bot. 37: 547-585. 
Lynch JA, Clark JS, Bigelow NH, Edwards ME, Finney BP. 2003. Geographic and 
temporal variations in fire history in boreal ecosystems of Alaska. J. Geophys. Res. 108: 
8152. 
Lynch JA, Clark JS, Stocks BJ. 2004a. Charcoal production, dispersal, and deposition 
from the Fort Providence experimental fire: interpreting fire regimes from charcoal 
records in boreal forests. Can. J. For. Res. 34: 1642-1656. 
 140 
 
 
Lynch JA, Hollis JL, Hu FS. 2004b. Climatic and landscape controls of the boreal forest 
fire regime: Holocene records from Alaska. J. Ecol. 92: 477-489. 
 
MacDonald GM, Beukens RP, Kieser WE. 1991b. Radiocarbon dating of limnic 
sediments: a comparative analysis and discussion. Ecology 72: 1150-1155. 
MacDonald GM, Larsen CPS, Szeicz JM, Moser KA. 1991a.The reconstruction of boreal 
forest fire history from lake sediments: a comparison of charcoal, pollen, 
sedimentological, and geochemical indices. Quat. Sci. Rev. 10: 53-71. 
Manitoba Department of Mines, Natural Resources and Environment-Parks Division. 
1978. A background History of Whiteshell Provincial Park. Manitoba Parks Branch, 
Tourism Canada, Historic Resources Branch. Winnipeg, Manitoba, Canada. 
Manitoba Hydro. 2016. Slave Falls generating station. [online]. Retrieved from 
https://www.hydro.mb.ca/corporate/facilities/gs_slave_falls.shtml.  
Manitoba Infrastructure and Transportation. 2016. Historical Highway Maps of 
Manitoba. [online]. Retrieved from http://gov.mb.ca/mit/maparchive/index.html. 
Mann ME, Zhang Z, Rutherford S, Bradley RS, Hughes MK, Shindell D, Ammann C, 
Faluvegi G, Ni F. 2009. Global signatures and dynamical origins of the Little Ice Age and 
Medieval Climate Anomaly. Science 326: 1256-1260. 
Marlon J, Bartlein PJ, Whitlock C. 2006. Fire-fuel-climate linkages in the northwestern 
USA during the Holocene. The Holocene 16: 1059-1071. 
Marlon JR, Bartlein PJ, Carcaillet C, Gavin DG, Harrison SP, Higuera PE, Joos F, Power 
MJ, Prentice IC. 2008. Climate and human influences on global biomass burning over the 
past two millennia. Nat. Geosci. 1: 697-702. 
 
Marlon JR, Bartlein PJ, Walsh MK, Harrison SP, Brown KJ, Edwards ME, Higuera PE, 
Power MJ, Anderson RS, Briles C, Brunelle A, Carcaillet C, Daniels M, Hu FS, Lavoie 
M, Long C, Minckley T, Richard PJH, Scott AC, Shafer DS, Tinner W, Umbanhowar Jr 
CE, Whitlock C, Field CB. 2009. Wildfire responses to abrupt climate change in North 
America. PNAS. 106: 2519-2524. 
 
Marlon JR, Bartlein PJ, Daniau AL, Harrison SP, Maezumi SY, Power MJ, Tinner W, 
Vanniére B. 2013. Global biomass burning: a synthesis and review of Holocene paleofire 
records and their controls. Quat. Sci. Rev. 65: 5-25. 
 
Martell DL, Sun H. 2008. The impact of fire suppression, vegetation, and weather on the 
area burned by lightning-caused forest fires in Ontario. Can. J. For. Res. 38: 1547-1563. 
 
Martin AC, Barkley WD. 1961. Seed Identification Manual. Blackburn Press, Caldwell, 
New Jersey, USA. 
 
 141 
 
McBride JR. 1983. Analysis of tree-rings and fire scars to establish fire history. Tree-
Ring Bull. 43: 51-67. 
McLeod K, MacDonald GM. 1997. Postglacial range expansion and population growth of 
Picea mariana, Picea glauca and Pinus banksiana in the western interior of Canada. J. 
Biogeogr. 24: 865-881. 
McMillan AD. 1995. Native Peoples and Cultures of Canada. Douglas & McIntyre. 
Vancouver, British Columbia, Canada. 
Michaletz ST, Johnson EA. 2007. How forest fires kill trees: A review of the 
fundamental biophysical processes. Scand. J. For. Res. 22: 500-515. 
Miller AM, Davidson-Hunt I. 2010. Fire, agency and scale in the creation of Aboriginal 
cultural landscapes. Hum. Ecol. 38: 401-414. 
Millspaugh SH, Whitlock C. 1995. A 750-year fire history based on lake sediment 
records in central Yellowstone National Park, USA. The Holocene 5: 283-292. 
Moos MT, Cumming BF. 2012. Climate-fire interactions during the Holocene: a test of 
the utility of charcoal morphotypes in a sediment core from the boreal region of north-
western Ontario (Canada). Int. J. Wildland Fire 21: 640-652. 
Murphy PJ, Mudd JP, Stocks BJ, Kasischke ES, Barry D, Alexander ME, French NH. 
2000. Historical fire records in the North American boreal forest. In Kasischke ES and 
Stocks BJ (eds). Fire, climate change, and carbon cycling in the boreal forest. Springer, 
New York, New York, USA.  
Mycore Scientific Inc. 2014. [online]. Retrieved from http://mycore.ca.  
Newark MJ. 1975. The relationship between forest fire occurrence and 500 mb longwave 
ridging. Atmosphere 13: 26-33. 
Nichols GJ, Cripps JA, Collinson ME, Scott, AC. 2000. Experiments in waterlogging and 
sedimentology of charcoal: results and implications. Palaeogeogr. Palaeocl. 164: 43-56. 
Overpeck JT, Peterson LC, Kipp N, Imbrie J, Rind D. 1989. Climate change in the 
circum-North Atlantic region during the last deglaciation. Nature 338: 553-557. 
Patterson III WA, Edwards KJ, Maguire DJ. 1987. Microscopic charcoal as a fossil 
indicator of fire. Quat. Sci. Rev. 6: 3-23. 
Pitkänen A, Huttunen P. 1999. A 1300-year forest-fire history at a site in eastern Finland 
based on charcoal and pollen records in laminated lake sediment. The Holocene 9: 311-
320. 
Power MJ, Marlon J, Ortiz N, Bartlein PJ, Harrison SP, Mayle FE, Ballouche A, 
Bradshaw RH, Carcaillet C, Cordova C, Mooney S. 2008. Changes in fire regimes since 
the Last Glacial Maximum: an assessment based on a global synthesis and analysis of 
charcoal data. Clim. Dynam. 30: 887-907. 
 142 
 
 
Rannie WF. 2001. The ‘Grass Fire Era’on the southeastern Canadian Prairies. Pp 1-19. In 
D. Munski (ed.) Prairie Perspectives: Geographical Essays. Volume 4. University of 
North Dakota. Grand Forks, North Dakota, USA. 
 
Rannie WF. 2006. A comparison of 1858-59 and 2000-01 drought patterns on the 
Canadian Prairies. Can. Water Resour. J. 31: 263-274. 
 
Reimer PJ, Bard E, Bayliss A, Beck JW, Blackwell PG, Bronk Ramsey C, Buck CE, 
Cheng H, Edwards RL, Friedrich M, Grootes PM. 2013. IntCal13 and Marine13 
radiocarbon age calibration curves 0-50,000 years cal BP. Radiocarbon 55: 1869-1887. 
 
Ritchie JC. 1976. The late-Quaternary vegetational history of the Western Interior of 
Canada. Can. J. Bot. 54: 1793-1818. 
Rowe JS. 1955. Factors influencing white spruce reproduction in Manitoba and 
Saskatchewan. Government of Canada, Department of Northern Affairs and National 
Resources, Forestry Branch, Forest Research Laboratory, Forest Research Division 
Technical Note 3, Winnipeg, Manitoba, Canada. 
Rowe JS. 1972. Forest regions of Canada. Publication No. 1300. Canadian Forest 
Service, Department of Fisheries and the Environment. Ottawa, Ontario, Canada. 
Rowe JS, Scotter GW. 1973. Fire in the boreal forest. Quat. Res. 3: 444-464. 
Sauchyn DJ, Beaudoin AB. 1998. Recent environmental change in the southwestern 
Canadian Plains. Can. Geogr. 42: 337-353. 
Sauchyn DJ, Skinner WR. 2001. A proxy record of drought severity for the southwestern 
Canadian Plains. Can. Water Resour. J. 26: 253-272. 
Sauchyn DJ, St-Jacques J-M, Luckman BH. 2015. Long-term reliability of the Athabasca 
River (Alberta, Canada) as the water source for oil sands mining. PNAS. 112:1-6. 
Schweingruber FH. 1988. Tree Rings-Basics and Applications of Dendrochronology. 
Kluwer Academic Publishers. Dordrecht, the Netherlands. 
Schwimmer B. 1998. Manitoba culture history: chronological overview [online]. 
Retrieved from 
http://www.umanitoba.ca/faculties/arts/anthropology/manarchnet/chronology/index.html. 
Scott GAJ. 1995. Canada’s Vegetation: A World Perspective. McGill-Queen’s University 
Press, Montreal, Québec and Kingston, Ontario, Canada. 
Scoular MG. 2008. Spatial and temporal variability of stand-replacing fire frequency in 
Quetico Provincial Park, Ontario (Masters thesis. University of Waterloo). Retrieved 
from https://uwspace.uwaterloo.ca/handle/10012/4101. 
 143 
 
Senici D, Chen HYH, Bergeron Y, Cyr D. 2010. Spatiotemporal variations of fire 
frequency in central boreal forest. Ecosystems 13: 1227-1238. 
Senici D, Lucas A, Chen HYH, Bergeron Y, Larouche A, Brossier B, Blarquez O, Ali 
AA. 2013. Multi-millennial fire frequency and tree abundance differ between xeric and 
mesic boreal forests in central Canada. J. Ecol. 101: 356-367. 
Senici D, Chen HY, Bergeron Y, Ali AA. 2015. The effects of forest fuel connectivity on 
spatiotemporal dynamics of Holocene fire regimes in the central boreal forest of North 
America. J. Quat. Sci. 30: 365-375. 
Shabbar A, Skinner W. 2004. Summer drought patterns in Canada and the relationship to 
global sea surface temperatures. J. Climate 17: 2866-2880. 
Shabbar A, Skinner W, Flannigan MD. 2011. Prediction of seasonal forest fire severity in 
Canada from large-scale climate patterns. J. Appl. Meteorol. Clim. 50: 785-799. 
Skinner WR, Stocks BJ, Martell DL, Bonsal B, Shabbar A. 1999. The association 
between circulation anomalies in the mid-troposphere and area burned by wildland fire in 
Canada. Theor. Appl. Climatol. 63: 89-105. 
Skinner WR, Flannigan MD, Stocks BJ, Martell DL, Wotton BM, Todd JB, Mason JA, 
Logan KA, Bosch EM. 2002. A 500 hPa synoptic wildland fire climatology for large 
Canadian forest fires, 1959-1996. Theor. Appl. Climatol. 71: 157-169. 
Skinner WR, Shabbar A, Flannigan MD, Logan K. 2006. Large forest fires in Canada and 
the relationship to global sea surface temperatures. J. Geophys. Res.: Atmos. 111: 1-14. 
Smith RE, Veldhuis H, Mills GF, Eilers RG, Fraser WR, Lelyk GW. 1998. Terrestrial 
ecozones, ecoregions and ecodistricts. An ecological stratification of Manitoba’s natural 
landscapes. Technical Bulletin 98-9E. Land Resource Unit, Brandon Research Centre, 
Research Branch, Agriculture and Agri-Food Canada. Winnipeg, Manitoba, Canada. 
 
Speer JH. 2010. Fundamentals of Tree-Ring Research. University of Arizona Press, 
Tucson, Arizona, USA. 
St. George S, Nielsen E. 2002. Hydroclimatic change in southern Manitoba since A.D. 
1409 inferred from tree rings. Quat. Res. 58: 103-111. 
St. George S, Meko DM, Evans MN. 2008. Regional tree growth and inferred summer 
climate in the Winnipeg River basin, Canada, since AD 1783. Quat. Res. 70: 158-172. 
 
St. George S, Meko DM, Girardin MP, MacDonald GM, Nielsen E, Pedersen GT, 
Sauchyn DJ, Tardif JC, Watson E. 2009. The tree-ring record of drought on the Canadian 
prairies. J. Climate 22: 689-710. 
 
Stocks BJ. 1987. Fire potential in the spruce budworm-damaged forests of Ontario. For. 
Chron. 63: 8-14. 
 144 
 
Stocks BJ, Mason JA, Todd JB, Bosch EM, Wotton BM, Amiro BD, Flannigan MD, 
Hirsch KG, Logan KA, Martell DL, Skinner WR. 2003. Large forest fires in Canada, 
1959-1997. J. Geophys. Res. 108: 8149. 
Stocks BJ, Ward PC. 2011. Climate change, carbon sequestration and forest fire 
protection in the Canadian boreal forest. Climate Change Research Report. CCRR-20. 
Ontario Ministry of Natural Resources. Sault Ste. Marie, Ontario, Canada. 
Stuiver M, Reimer PJ 1993. Extended C-14 data-base and revised Calib 3.0 C-14 age 
calibration program. Radiocarbon 35: 215-230. 
 
Swain AM. 1973. A history of fire and vegetation in Northeastern Minnesota as recorded 
in lake sediments. Quat. Res. 3: 383-396. 
Swain AM. 1978. Environmental changes during the past 2000 years in north-central 
Wisconsin: Analysis of pollen, charcoal, and seeds from varved lake sediments. Quat. 
Res. 10: 55-68. 
Swetnam TW. 1993. Fire history and climate change in Giant Sequoia groves. Science 
262: 885-889. 
Tande GF. 1979. Fire history and vegetation pattern of coniferous forests in Jasper 
National Park, Albert. Can. J. Bot. 57: 1912-1931. 
Tardif J. 2004. Fire history in the Duck Mountain Provincial Forest, western Manitoba. 
Western Manitoba Sustainable Forest Management Network. Project Report 2003/2004 
Series. University of Alberta, Edmonton, Alberta, Canada. 
Tardif JC, Cornelson S, Conciatori F, Hodgin EB, Pellatt MG. 2016. Fire regime in 
marginal jack pine populations at their southern limit of distribution, Riding Mountain 
National Park, central Canada. Forests. 7: 1-25. 
Teller JT, Yang Z, Boyd M, Buhay WM, McMillan K, Kling HJ, Telka AM. 2008. 
Postglacial sedimentary record and history of West Hawk Lake crater, Manitoba. J. 
Paleolimnol. 40: 661-688. 
 
Thorleifson LH. 1996. Review of Lake Agassiz History. Pp 55-84. In Teller J T, 
Thorleifson L H, Matile G, Brisbin W C, (eds). Sedimentology, Geomorphology, and 
History of the central Lake Agassiz Basin, Field Trip B2. Geological Association of 
Canada, Winnipeg Section. Winnipeg, Manitoba, Canada. 
 
Turner MG, Romme WH. 1994. Landscape dynamics in crown fire ecosystems. 
Landscape Ecol. 9: 59-77. 
Umbanhowar Jr CE, Mcgrath MJ. 1998. Experimental production and analysis of 
microscopic charcoal from wood, leaves and grasses. The Holocene 8: 341-346. 
Vaillancourt M-A, De Grandpré L, Gauthier S, Leduc A, Kneeshaw D, Claveau Y, 
Bergeron Y. 2009. How can natural disturbances be a guide for forest ecosystem 
 145 
 
management. Pp 39-56. In Gauthier S, Vaillancourt MA, Leduc A, De Grandpré L, 
Kneeshaw D, Morin H, Drapeau P, Bergeron Y. (eds). Ecosystem Management in the 
Boreal Forest. Presses de l’Université du Québec. Québec City, Québec, Canada. 
Vance RE, Beaudoin AB, Luckman BH. 1995. The paleoecological record of 6 ka BP 
climate in the Canadian prairie provinces. Géogr. Phys. Quat. 49: 81-98. 
Van Wagner CE. 1978. Age-class distribution and the forest fire cycle. Can. J. For. Res. 
8: 220-227. 
Van Wagner CE. 1988. The historical pattern of annual burned area in Canada. For. 
Chron. 64: 182-185. 
Viau AE, Gajewski K, Sawada MC, Fines P. 2006. Millennial-scale temperature 
variations in North America during the Holocene. J. Geophys. Res. 111: D09102. 
Viau AE, Gajewski K. 2009. Reconstructing millennial-scale, regional paleoclimates of 
boreal Canada during the Holocene. J. Climate 22: 316-330. 
Viau AE, Ladd M, Gajewski K. 2012. The climate of North America during the past 
2000 years reconstructed from pollen data. Global Planet. Change 84: 75-83. 
 
Waito J, Conciatori F, Tardif JC. 2013. Frost rings and white earlywood rings in Picea 
mariana trees from the boreal plains, central Canada. IAWA J. 34: 71-87. 
 
Webber MG, Flannigan MD. 1997. Canadian boreal forest ecosystem structure and 
function in a changing climate: impact on fire regimes. Environ. Rev. 5: 145-166. 
 
Webber MG, Stocks BJ. 1998. Forest fires and sustainability in the boreal forests of 
Canada. Ambio 27: 545-550. 
Weir JMH, Johnson EA, Miyanishi K. 2000. Fire frequency and the spatial age mosaic of 
the mixed-wood boreal forest in Western Canada. Ecol. Appl. 10: 1162-1177. 
Wikipedia. 2016. List of secondary highways in Kenora District. [online]. Retrieved from 
https://en.wikipedia.org/wiki/List_of_secondary_highways_in_Kenora_District#Highway
_596. 
 
White C. 1985. Wildland fires in Banff National Park, 1880-1980. National Parks 
Branch, Parks Canada. Ottawa, Ontario, Canada. 
 
Whitlock C, Anderson RS. 2003. Fire history reconstructions based on sediment records 
from lakes and wetlands. Pp 3-31. In Baldwin IT, Caldwell MM, Heldmaier G, Lange 
OL, Mooney HA, Schulze ED, Sommer U. (eds). Ecological Studies Volume 160. 
Springer. New York, New York, USA. 
Whitlock C, Bartlein PJ. 2003. Holocene fire activity as a record of past environmental 
change. Dev. Quat. Sci. 1: 479-490. 
 146 
 
Whitlock C, Millspaugh SH. 1996. Testing the assumptions of fire-history studies: an 
examination of modern charcoal accumulation in Yellowstone National Park, USA. The 
Holocene 6: 7-15. 
Whitlock C, Larsen C. 2002. Charcoal as a fire proxy. Pp 75-97. In Smol JP, Birks HJP, 
Last WM. (eds.), Developments in Paleoenvironmental Research: Tracking 
Environmental Change Using Lake Sediments Volume 3: Terrestrial, Algal and Siliceous 
Indicators. Kluwer Academic Publishers. Dordrecht, the Netherlands. 
Whitlock C, Shafer SL, Marlon J. 2003. The role of climate and vegetation change in 
shaping past and future fire regimes in the northwestern US and the implications for 
ecosystem management. Forest Ecol. Manag. 178: 5-21. 
 
Whitlock C, Skinner CN, Bartlein PJ, Minckley T, Mohr JA. 2004. Comparison of 
charcoal and tree-ring records of recent fires in the eastern Klamath Mountains, 
California, USA. Can. J. For. Res. 34: 2110-2121. 
 
Whitlock C, Higuera PE, McWethy DB, Briles CE. 2010. Paleoecological perspectives 
on fire ecology: Revisiting the fire-regime concept. Open Ecol. J. 3: 6-23. 
Wightman WR, Wightman NM. 1997. The Land Between: Northwestern Ontario 
Resource Development, 1800 to the 1990s. University of Toronto Press. Toronto, 
Ontario, Canada. 
Willis KJ, Birks HJB. 2006. What is natural? The need for a long-term perspective in 
biodiversity reconstruction. Science 314: 1261-1265. 
Wright Jr HE. 1968. The roles of pine and spruce in the forest history of Minnesota and 
adjacent areas. Ecology 49: 937-955. 
Wyatt DA. 2015. All-time list of Canadian Transit Systems. [online]. Retrieved from 
http://home.cc.umanitoba.ca/~wyatt/alltime/index.html. 
Yamaguchi DK. 1991. A simple method for cross-dating increment cores from living 
trees. Can. J. For. Res. 21: 414-416. 
 
Yang Z, Teller JT. 2005. Modeling the history of Lake of the Woods since 11,000 cal yr 
BP using GIS. J. Paleolimnol. 33: 483-497. 
 
Zhang X, Hogg WD, Mekis É. 2001. Spatial and temporal characteristics of heavy 
precipitation events over Canada. J. Climate 14: 1923-1936. 
Zhang X, Vincent LA, Hogg WD, Niitsoo A. 2000. Temperature and precipitation trends 
in Canada during the 20th century. Atmos. Ocean 38: 395-429.
 147 
 
4.0 Appendices 
 
Appendix I: The sample locations for each of the 8 sampled lakes within the Lake of the 
Woods Ecoregion. The sample locations labelled ‘R’ represent those that are >1 km from 
the lake and so represent a regional rather than local record of fire. Sample locations 
indicated by the yellow place-markers represent places where only a cross-section was 
collected.
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Appendix II: Lake O6 shoreline subdivided into six 1 km sectors. For scale, the 
maximum length of the red lines represents 1 km. The blue symbols show sites and 
checkpoints where living and dead materials were collected. The yellow symbols 
represent checkpoints where only dead material was collected. Highway 596 is indicated 
by the yellow line and passes along the southwestern side of the lake. Highway 596 was 
constructed between 1958 and 1966 (Wikipedia 2016). 
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Appendix III: Lake O14 shoreline subdivided into six 1 km sectors. For scale, the 
maximum length of the red lines represents 1 km. The blue symbols show sites and 
checkpoints where living and dead materials were collected. The yellow symbols 
represent checkpoints where only dead material was collected. Cygnet lake road passes 
along the southern edge of the lake. 
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Appendix IV: Lake O15 shoreline subdivided into six 1 km sectors. For scale, the 
maximum length of the red lines represents 1 km. The blue symbols show sites and 
checkpoints where living and dead materials were collected. The yellow symbols 
represent checkpoints where only dead material was collected. Cygnet Lake road passes 
along the northern edge of the lake. 
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Appendix V: Lake O4 shoreline subdivided into six 1 km sectors. For scale, the 
maximum length of the red lines represents 1 km. The blue symbols show sites and 
checkpoints where living and dead materials were collected. The yellow symbols 
represent checkpoints where only dead material was collected. Sherwood Lake road 
passes within 500 m of the west side of the lake and the railway passes about 1 km along 
the northern end of the lake. 
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Appendix VI: Lake M34 shoreline subdivided into six 1 km sectors. For scale, the 
maximum length of the red lines represents 1 km. The blue symbols show sites and 
checkpoints where living and dead materials were collected. The yellow symbols 
represent checkpoints where only dead material was collected. Construction of a tramway 
began in 1928 to provide access to the Slave Falls generating station and was completed 
in 1948 (Manitoba Hydro 2016). The tramway was replaced with an all season road in 
2009.  
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Appendix VII: Lake M15 shoreline subdivided into six 1 km sectors. For scale, the 
maximum length of the red lines represents 1 km. The blue symbols show sites and 
checkpoints where living and dead materials were collected. The yellow symbols 
represent checkpoints where only dead material was collected. Highway 44 is indicated 
by the yellow line and was constructed in 1933. A railway runs by the lake about 1km 
north of the lake and was initially constructed in 1885.  
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Appendix VIII: Lake M14 shoreline subdivided into six 1 km sectors. For scale, the 
maximum length of the red lines represents 1 km. The blue symbols show sites and 
checkpoints where living and dead materials were collected. The yellow symbols 
represent checkpoints where only dead material was collected. PR 309 is indicated by the 
yellow line and was constructed between 1933 and 1948 (Historical Highway Maps of 
Manitoba 2016).  
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Appendix IX: Lake M15 shoreline subdivided into six 1 km sectors. For scale, the 
maximum length of the red lines represents 1 km. The blue symbols show sites and 
checkpoints where living and dead materials were collected. The yellow symbols 
represent checkpoints where only dead material was collected. The road (Big Island 
Landing) was constructed in the 1950’s to facilitate development around West Hawk 
Lake. 
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Appendix X: Theoretical sampling procedure for extracting successive sediment cores 
from the lake bottom. The Kajack Brinkhurst core is depicted as KB and the Livingstone 
cores are depicted as A, B, and C. During field sampling the 20 cm overlap is to enable 
merging the cores into a single continuous record. 
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Appendix XI: The log-frequency of charcoal size classes for each lake. The charcoal 
particles represent the local record of fire (within 1 km) as represented by particles >160 
µm. The large particle area recorded for M16 was the result of one charcoal particle 
located at a depth of 82 cm and was dated to 1595 BP (354 CE). The large particle area 
recorded for O6 was the result of a large particle at a depth of 94 cm and was dated to 
1936 BP (14 CE).
M14 
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M15 
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Appendix XII: Robust S-regression comparing charcoal area and count for the eight 
lakes. A conservative estimate of >5 standard deviations was used to identify and remove 
outliers as part of the robust regression procedure. Each dot represents the total area and 
count data obtained from each 1 cm
3
 subsample. The Manitoba lakes are presented on the 
left and the Ontario lakes are presented on the right.
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Appendix XIII: Adjusted overlap depth between the KB and Livingstone cores from the 
eight lakes. The graphs indicate the KB (black line) and Livingstone (red line) 
graphically determined overlap for charcoal count (A) and area (B) for each lake. The 
vertical black dashed line represents the initial field determined overlap of the KB and 
Livingstone core. Lake M34 is not shown as there was no Livingstone core. 
M14-A 
M15-A 
M16-A 
M14-B 
M15-B 
M16-B 
O15-A O15-B 
O14-A O14-B 
O6-A O6-B 
O4-A O4-B 
  
 
Appendix XIV: Lead 210 activity in recent sediments from the eight lakes. The level of activity is measured as Bequerels per 
kilogram (Bq/kg) and represents the number of disintegrations per second. Samples marked ‘na’ (not available) signify samples for 
which the minimum weight required for dating was not obtained. DE represents dating error and SD represents standard deviation. 
Lake M14    M15    M16    M34    
Sample 
depth 
(cm) 
Date 
 
DE 
(years) 
210
Pb 
activity 
(Bq/kg) 
SD 
(%) 
Date 
 
DE 
(years) 
210
Pb 
activity 
(Bq/kg) 
SD 
(%) 
Date 
 
DE 
(years) 
210
Pb 
activity 
(Bq/kg) 
SD 
(%) 
Date 
 
DE 
(years)
 
210
Pb 
activity 
(Bq/kg) 
SD 
(%) 
0 na    na    na    na    
1 2009 0 1143 3.5 2009 0 2358 2.6 2012 0 760 2.8 2012 0 1894 2.5 
2 2008 0 1133 2.6 2007 0 2526 2.8 2009 0 720 3.0 2010 0 2038 2.7 
3 2004 0 916 2.7 2004 0 2406 2.6 2004 0 734 3.0 2007 0 2013 2.6 
4 2000 1 984 3.0 2001 0 2545 2.7 1996 1 593 3.3 2002 1 1499 2.7 
5 1995 1 901 2.7 1996 1 2247 2.6 1986 2 476 3.3 1997 1 1020 2.6 
6 1988 1 882 2.6 1988 1 1945 2.4 1975 2 432 3.2 1994 1 1198 2.8 
7 1980 2 729 2.8 1979 2 1412 3.0 1960 4 322 4.2 1987 1 1078 2.9 
8 1972 3 582 3.0 1970 2 896 3.0 1934 8 228 5.1 1981 2 1005 3.4 
9 1961 4 488 3.2 1962 3 649 3.2 1909 57 92 4.5 1974 3 830 2.9 
10 1951 6 353 3.2 1955 3 636 3.3 1904 20 133 4.8 1967 3 867 2.9 
11 1941 9 275 3.9 1944 4 481 3.0 1882 45 103 6.3 1957 4 817 3.3 
12 1932 13 224 3.6 1933 6 399 3.2 1861 149 85 5.1 1945 6 636 3.3 
13 1921 17 198 3.6 1920 8 323 3.6 1847 105 89 6.4 1932 8 544 4.1 
14 1911 28 162 3.8 1908 11 237 3.3     1918 13 504 4.3 
15 1901 31 161 4.0 1895 15 211 3.7     1899 20 438 4.5 
16 1887 73 123 4.1 1878 25 166 3.9     1870 38 379 5.0 
17 1876 125 110 4.1 1857 40 138 3.9         
18 1868 93 119 3.8             
19 1849 117 117 4.5             
  
1
60
 
  
 
Appendix XIV continued. 
Lake O4    O6    O14    O15    
Sample 
depth 
(cm) 
Date 
 
DE 
(years) 
210
Pb 
activity 
(Bq/kg) 
SD 
(%) 
Date 
 
DE 
(years) 
210
Pb 
activity 
(Bq/kg) 
SD 
(%) 
Date 
 
DE 
(years) 
210
Pb 
activity 
(Bq/kg) 
SD 
(%) 
Date 
 
DE 
(years) 
210
Pb 
activity 
(Bq/kg) 
SD 
(%) 
0 na   na 2010 0 792 5.0 2010 0 768 3.2 2012 0 1272 3.0 
1 2009 0 2749 2.2 2008 0 738 4.1 2009 0 868 2.5 2009 0 1244 2.7 
2 2006 0 1952 2.5 2004 0 585 4.2 2007 0 985 2.5 2005 0 1036 3.3 
3 2001 0 2048 2.8 1998 1 492 4.2 2002 0 849 3.5 2000 1 945 3.1 
4 1997 1 1803 2.4 1992 2 396 4.0 1997 1 740 3.1 1995 1 891 2.9 
5 1989 1 1567 2.6 1986 2 349 3.9 1991 1 798 3.5 1989 1 890 2.6 
6 1977 2 1258 2.5 1980 3 340 4.0 1984 1 835 3.2 1980 2 740 2.6 
7 1963 3 677 2.8 1972 5 264 4.5 1974 2 852 3.1 1967 2 502 2.7 
8 1951 3 542 2.6 1966 7 232 4.9 1961 3 546 3.1 1958 4 405 3.1 
9 1939 4 430 3.0 1959 10 181 4.8 1946 4 341 3.3 1948 5 334 3.1 
10 1929 5 403 3.0 1953 11 189 4.8 1933 6 235 3.6 1938 6 295 3.5 
11 1913 8 295 3.3 1946 12 186 5.0 1920 7 209 3.7 1925 8 231 2.9 
12 1899 11 239 3.3 1936 17 157 3.8 1905 11 145 3.9 1915 10 210 2.8 
13 1884 16 206 3.9 1925 20 152 3.8 1893 25 104 5.2 1901 14 183 3.1 
14 1864 23 173 3.5 1909 43 110 4.5 1888 44 82 4.7 1886 20 168 3.3 
15 1839 58 142 4.6 1895 60 101 4.4 1883 55 79 5.1 1868 29 150 3.4 
16 1809 100 131 4.5 1875 113 85 4.2 1879 44 83 4.7 1841 50 135 3.7 
17     1852 197 77 4.7 1873 31 92 4.1     
18         1861 40 87 4.0     
19         1845 35 97 4.5     
1
61
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Appendix XV: The historical record of fires that occurred since 1920 in the study area. 
The Ontario portion contains fires >200 ha in size, whereas the Manitoba portion contains 
all recorded fires regardless of size. Data were obtained from the Manitoba and Ontario 
provincial fire database. The study lakes are indicated by the black stars. The southeast 
and northeast most lakes are ELA-320 and Northwest Lake (Lynch et al. 2004a), 
respectively and are indicated by blue stars. The extent of Whiteshell Provincial Park 
(WPP) is shown by the grey shading.
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Appendix XVI: Individual lake fire record with tree-ring (top) and CHAR (bottom) data 
indicated for their overlap period. In the top panel for each lake, stand initiation is 
represented by bars, whereas fire-scar years are indicated by the circles. In this figure, the 
local (within 1 km) record is presented based on what direction the fire was located in 
relation to the lake. The black triangles represent archival fire records that occurred 
within 1 km of the lake. In the bottom panel, the bars, line and symbols represent CHAR, 
CHAR background and charcoal peaks (black squares), respectively. For comparison, the 
CHAR for Northwest Lake (NW Lake) and ELA-320 were obtained from the Global 
Charcoal Database and were originally sampled by Lynch et al. (2004a). The CHAR for 
all lakes was calculated using the same parameters based on lake specific median ages. 
Note the different scale for the y-axes. 
Ontario 
Ontario 
Ontario M14 
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M16 
M34 O15 
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